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The total suspended solids concentration of a water body, usually denoted in the literature as 
TSS, is a useful indicator of water quality. Because the TSS strongly influences the inherent 
optical properties (IOPs) of the water, it is often empirically related to the light fields both in 
and above the water, for example the downwelling irradiance [ܧௗሺߣሻ] and above-surface 
remote-sensing reflectance [ܴ௥௦ሺߣሻ]. However, the same TSS can be made up of different 
particle compositions, which are described by the particle size distribution (PSD). Like the 
TSS, the PSD strongly influences the light fields, but more directly so due to its fundamental 
relationships to the IOPs of the water. This implies that knowledge of TSS alone, without 
knowledge of the PSD, among other quantities such as refractive indices of the suspended 
particles, is insufficient to accurately characterize the light fields. This work describes how 
ܧௗሺߣሻ and ܴ௥௦ሺߣሻ for waters of various PSDs are derived, so that the effects of the PSD on 
these quantities can be studied.  
 
The simulation of ܧௗሺߣሻ and ܴ௥௦ሺߣሻ is done using the radiative transfer simulation package 
Hydrolight. To carry out these simulations, the IOPs of the water are needed. These IOPs are 
generated through the following steps. Various particle compositions are generated from 
three types of particles—clay, silt and sand—where the compositions follow the Junge-type 
power law PSD, which is characterized by its exponent γ. The spectral scattering coefficients 
and spectral scattering phase functions of these suspensions are then computed using a Mie 
scattering computer routine. Spectral absorption, which is another IOP required in the 
simulations, are generated from an absorption model of gelbstoff, a dissolved component 
present in many natural waters. To study the effects of the PSD on aquatic photosynthesis, 
ܧௗሺߣሻ is quantified in terms of the photosynthetically usable radiation (PUR). Variations 
across PSD are then studied by calculating percentage deviations in the PUR and ܴ௥௦ሺߣሻ with 
respect to the PSD with the smallest γ. 
  
Our results indicate that in all suspensions, PUR decreases exponentially with depth, while 
ܴ௥௦ሺߣሻ typically peaks in the central region of 500-550nm. In suspensions having the same 
TSS but different PSD, the rate of decrease in PUR increases with γ, while ܴ௥௦ሺߣሻ also 
increases with γ. In terms of the calculated percentage deviations, our results show that the 
effects of the PSD are considerable, with deviations in PUR generally exceeding 30% in 
magnitude in the top ~3m in waters with moderate TSS. The effects of the PSD on the ܴ௥௦ሺߣሻ 
are also large, with magnitudes of percentage deviation above 50% at 400nm and above 20% 
at 700nm for moderate TSS. However, the effects of the PSDs are strongly reduced when the 
backscattering coefficient at 550nm is known—for waters with moderate TSS, percentage 
deviations in the PUR drop to less than 2% in the top ~3m, while deviations in ܴ௥௦ሺߣሻ drop to 
less than 5% at 400nm and about 10% at 700nm. These results demonstrate that the effects of 
the particle composition on the PUR and ܴ௥௦ሺߣሻ are potentially significant, and that these 
effects manifest in the value of the backscattering coefficient at 550nm. 
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LIST OF SYMBOLS 
 
These symbols are presented in the order of their appearance in equations in the main text. 
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ܧா Electric field of electromagnetic radiation 
௝ܵ (j=1,2,3,4) Elements of scattering amplitude matrix 
x Size parameter 
D Diameter of scattering particle 
Nm Refractive index of scattering particle 
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ߚሖ  Scattering phase function 
ߠ Scattering angle 
Ω Solid angle 
ߪ Differential scattering cross section 
ߪ௦ Scattering cross section 
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Qs Scattering efficiency 
N Number concentration of particles 
n Particle size distribution (PSD) 
TSS Total suspended solids concentration 
ߩ Mass density of substances 
ߛ Exponent of the Junge-type power law PSD 
ܽ Total absorption coefficient 
aw Absorption coefficient of water 
ܽథ Absorption coefficient of phytoplankton 
ag Absorption coefficient of gelbstoff 
b Total scattering coefficient 
ܾ௪ Scattering coefficient of water 
ܾ௣ Scattering coefficient of particulate matter 
ܾ௕௪ Backscattering coefficient of water 
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ߚ Volume scattering function 
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Q Energy of electromagnetic radiation 
t Time 
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z Depth in water 
ܴ௥௦ Above surface remote sensing reflectance 
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ݎ௥௦ Subsurface remote sensing reflectance 
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geometric relation between ܴ௥௦ and ݎ௥௦ 
ݑ Gordon parameter 
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ܽ௉௉∗  Specific absorption coefficient of chlorophyll 
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݉ Mean of the log-normal distribution  
ݏ Standard deviation of the log-normal 
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ߤ Geometric mean of the log-normal distribution 
ܩ Absorption coefficient of gelbstoff at 440nm 
ܵ Slope factor of gelbstoff absorption profile 




CHAPTER 1: INTRODUCTION 
 
The concentration of total suspended solids in water, usually denoted in short as TSS, is an 
important indicator of water quality [Boss et al, 2009]. The TSS strongly influences the 
inherent optical properties (IOPs) of the suspension [Sipelgas et al, 2004].  It has often been 
empirically related to the light fields in the water column, as well as above the water surface. 
For instance, Han and Runquist have tried to relate both surface reflectance and downwelling 
irradiance [ܧௗሺߣሻሿ to TSS [Han and Runquist, 1994] while Doxaran and co-workers have 
found an empirical relation between the remote-sensing reflectance [ܴ௥௦ሺߣሻ ] and TSS 
[Doxaran et al, 2002]. 
 
However, due to the wide range of particles present in natural water systems, the same TSS 
can often be the result of different particle compositions, which are described by the mass 
densities of the particles and the particle size distribution (PSD). The PSD is a very important 
quantity, because it is fundamentally related to the IOPs of the suspension and hence the light 
fields of the system [Mobley, 1995]. In particular, the PSD’s direct relation to the scattering 
phase function [ߚሖ ሺߣ, ߠሻ; ߣ is the wavelength in vacuum while ߠ is the scattering angle], and 
hence on the total particulate scattering and backscattering coefficients 
[ܾ௣ሺߣሻ	and	ܾ௕௣ሺߣሻrespectively, where subscript ݌ stands for particulate] is something not 
captured by the TSS. This is vital, because ߚሖሺߣ, ߠሻ governs the angular distribution of light 
that is incident on the suspension, and is a very important factor in understanding the light 
fields generated within the suspension. Therefore, the PSD fundamentally affects both the 
downwelling irradiance in the water column [ܧௗሺߣሻ] and the remote-sensing reflectance 
above the water surface [ܴ௥௦ሺߣሻ]. This implies that by directly relating the TSS to these two 
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optical quantities, without regard to the PSD, would be neglecting the effects of ߚሖሺߣ, ߠሻ and 
likely introducing inaccuracies in radiation calculations. 
 
These inaccuracies may be potentially significant, as both ܧௗሺߣሻ and ܴ௥௦ሺߣሻ are quantities 
that are critical in a broad range of studies [Jerlov, 1976]. For instance, ܧௗሺߣሻ is a primary 
indicator of the level of light penetration in the water [Kirk, 1986; Swift et al, 2006]; it 
influences upper ocean heating and its thermodynamics which regulate nutrient cycles and 
affect meteorology [Dickey and Falkowski, 2002; Chang and Dickey, 2004]; and most 
relevant to the current work, it directly influences ecosystem-level properties as it is the main 
driving force of fundamental processes such as oceanic biomass primary production 
[Sathyendranath et al, 1989; Marra et al, 1995]. ܴ௥௦ሺߣሻ, on the other hand, is a quantity 
routinely used in remote sensing to retrieve the IOPs of a water body so that, among other 
applications, sediment concentrations maps can be derived [for instance Rainy et al, 2003] or 
spatial distributions of phytoplankton populations can be studied [such as Carder and 
Steward, 1985].  
 
Having said that, since a main difference between different PSDs that give rise to the same 
TSS is ߚሖሺߣ, ߠሻ, one expects the effects of the particle composition to reduce if knowledge of 
the backscattering coefficient ܾ௕௣ሺߣሻ at a reference wavelength becomes available. This is 
especially so for ܧௗሺߣሻ and ܴ௥௦ሺߣሻ, considering that both of these optical quantities do not 
depend strongly on the fine angular details of ߚሖሺߣ, ߠሻ, but rather on the total scattering in the 
forward or backward hemispheres. 
 
It is therefore the motivation of this paper to find out how the particle composition affects 
ܧௗሺߣሻ and ܴ௥௦ሺߣሻ in waters of various TSS levels, and to answer questions such as: for the 
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same TSS, how would various particle compositions affect underwater photosynthesis and 
ܴ௥௦ሺߣሻ? Can the effects of the PSD be reduced by knowing ܾ௕௣ሺߣሻ at a reference wavelength, 
and to what extent? Answering these questions will provide an indication of the importance 
of the particle composition in influencing the light fields established in water systems, as well 
as a general error margin that one can expect when computing these optical quantities 
without knowledge of the PSD. 
 
To achieve this goal, one can either conduct a series of experiments or carry out computer 
simulations, or a mixture of both. The former approach, though more realistic, may not be 
practical, because of the complexities involved in the measurement of a whole suite of 
quantities (TSS and the various IOPs) concurrently. Even in lab-based experiments, where 
one can more effectively control the parameters, it is highly challenging to prepare samples 
of desired PSD with matching TSS and IOPs, not to mention other practical difficulties such 
as maintaining or determining the depth profile for the IOPs. Confounding effects such as 
bottom reflection and non-smooth surface will also need to be accounted for. 
 
We have therefore chosen to carry out computer simulations, by generating 5 Junge-type 
PSDs of various slopes (ie exponents), whereby each PSD comprises 3 types of particles: 
clay, silt and sand particles. These particles are chosen as together they make up the mineral 
component of soil [Brown, 2003], which is ubiquitous in natural water systems, while the 
Junge-type PSD [Junge, 1963] is chosen as it is one of the most commonly-cited PSDs in the 
oceanographic literature [Jonazs and Fournier, 2007]. The Junge-type PSD is a power-law 
expression that is characterized by an exponent γ, which depends on the relative size of clay, 
silt and sand particles present in the suspension. A Mie scattering routine, BHMIE, is used to 
generate the scattering properties of these single particles [Bohren and Huffman, 1983], 
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which are then integrated to yield the scattering properties of the entire particle suspension. 
Absorption coefficients, also an IOP required in radiative transfer simulations, are obtained 
from an absorption model of gelbstoff, a dissolved substance present in many natural waters. 
These IOPs are varied to cover a wide range of TSS in water, and then divided into two main 
groups. The first group has the same total scattering coefficient at 550nm [ܾ௣ሺ550ሻ], 550nm 
being the chosen reference wavelength, but different PSD; the second group has the same 
ܾ௕௣ሺ550ሻ but different PSD. ܾ௣ሺ550ሻ is directly proportional to the TSS for particles of the 
same mass densities and hence is taken as the proxy for TSS in this work. The first group 
would isolate the effects of the PSD, while the second group would demonstrate if knowledge 
of ܾ௕௣ሺ550ሻ of the suspension would reduce the effects of the PSD. These different groups of 
IOPs are then used to compute the ܧௗሺλሻ and ܴ௥௦ሺߣሻ, using the radiative transfer software 
package Hydrolight [Mobley and Sundman, 2006]. Variations in the resulting ܧௗሺλሻ and 
ܴ௥௦ሺߣሻ are then quantified, using the PSD with the smallest γ as the basis. This allows us to 
study the effects of the PSD as γ gradually increases from this lower limit observed in 
measurements. Variations in ܧௗሺλሻ  are studied in terms of the photosynthetically usable 
radiation (PUR) [Morel, 1978], which weighs the ܧௗሺλሻ  spectrum with a normalized 
chlorophyll specific absorption profile, derived from the PROSPECT leave model 
[Jacquemoud et al, 1996]. This enables us to directly study the effects of the particle 
composition on aquatic photosynthesis. 
 
This thesis is organized as follows. The next chapter, chapter 3, gives an overview of the 
relevant underlying theory. The software package, Hydrolight, will also be introduced in this 
chapter. Chapter 4 describes in detail the methods and procedures that are used, how each 
quantity is derived, how Hydrolight is executed, etc. The subsequent chapter presents the 
5 
 
results obtained and provides a rigorous discussion of these results. A conclusion chapter 
rounds up the thesis and offers some final thoughts on the results presented.  
 
It should be noted that the current work assumes that the particles suspended in the water are 
homogeneous and spherical. Although this may limit our results’ applicability because 
particle compositions in natural waters are usually made up of inhomogeneous particle 
composites [Jonasz and Fournier, 2007], studying the optical properties of suspensions of 
spherical and homogeneous particles is still very useful because it not only provides a first-
order approximation to the more complex problems of composite particles, but also because 
Mie scattering theory is able to correctly describe many optical properties of suspensions of 





























CHAPTER 2: BACKGROUND THEORY 
 
This chapter provides a review of the underlying theories relevant to the current work. The 
first section introduces Mie scattering theory and related optical quantities such as the 
scattering cross section ߪ௦ሺߣሻ and scattering phase function ߚሖሺߣ, ߠሻ. Next, we introduce the 
PSD, and discuss its relevance in deriving the TSS and IOPs of an assembly of particles 
suspended in water. We then proceed to talk about the downwelling irradiance ܧௗሺߣሻ and 
remote-sensing reflectance ܴ௥௦ሺߣሻ, the two optical properties central to this paper. Finally, an 
overview of the software package Hydrolight and how it works is provided. Note that the 
notation of ߣ in equations may be suppressed in the interest of clarity of presentation.  
 
2.1  Mie Scattering Theory 
 
First presented by German physicist Gustav Mie in the early 20th century, the Mie scattering 
theory provides an exact solution to the problem of electromagnetic scattering by a single 
homogeneous spherical particle, by solving Maxwell’s equations [Mie, 1908]. Unlike 
Rayleigh scattering, which is only valid when the wavelength is much larger than the particle 
size, and ray optics, which is limited to situations in which the wavelength is much smaller 
than the particle, Mie solutions are valid for a particle of arbitrary size. We will only briefly 
discuss aspects of Mie scattering that are relevant to our computation; for more detailed 
theoretical treatment of Mie scattering, the reader is referred to the work by Van de Hulst 
[Van de Hulst, 1981]. 
 
The scattered and incident electric fields of electromagnetic radiation, denoted by ܧா , are 
related by the amplitude scattering matrix, as 
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൬ܧா//,௦ܧாୄ,௦ ൰ ∝ ൬




where // stands for the parallel component, ٣  for the perpendicular component, ݏ  for 
scattered, ݅ for incident, and ௝ܵ (j =1,2,3,4) are elements of the matrix. These elements are 
complex numbers, and depend on both the scattering angle ߠ and azimuthal angle ߶. In the 
case of scattering from a spherical particle, there is no ߶  dependence. Also, the cross-
polarization terms ܵଷ and ܵସ are zero, so that the above equation reduces to 
 
൬ܧா//,௦ܧாୄ,௦ ൰ ∝ ൬




In Mie scattering, ଵܵ  and ܵଶ  are calculated based on the dimensionless size parameter ݔ , 
which is given by  
 
ݔ ൌ ߨܦܰ௠ሺߣሻߣ 			,															ሺ3ሻ 
 
where ܰ௠ሺߣሻ is the real part of the refractive index of the surrounding medium, and ܦ is the 
particle diameter. The reader is referred to the Appendix for a full description of how ଵܵ and 
ܵଶ are derived from ݔ. For unpolarized incident light scattering off a homogeneous particle, 
the phase function can be calculated from ଵܵ and ܵଶ by 
 
ߚሖሺߠሻ ൌ 12ߨ
| ଵܵሺߠሻ|ଶ ൅ |ܵଶሺߠሻ|ଶ





where the coefficient ଵଶగ  is used so that the phase function satisfies the following 
normalization condition: 
 










In the above equation, azimuthal symmetry has been assumed for randomly oriented 
spherical particles, resulting in a factor of 2ߨ. It should be noted that the phase function 
ߚሖ ሺߣ, ߠሻ is sometimes normalized to 4ߨ; in the current work, it has been normalized to 1, as in 
Eqn (5), to be consistent with the normalization condition used by the radiative transfer 
package Hydrolight. ଵܵ and ܵଶ are returned by BHMIE for the calculation of ߚሖሺߣ, ߠሻ via Eqn 
(4). The differential scattering cross-section ߪሺߠሻ and the scattering cross-section ߪ௦ can also 
be calculated from ଵܵ and ܵଶ as: 
 
ߪሺߠሻ ൌ ߨ݇ଶ ሺ| ଵܵሺߠሻ|
ଶ ൅ |ܵଶሺߠሻ|ଶሻ		,															ሺ6ሻ 
 
ߪ௦ ൌ න ߪሺߠሻ݀Ω
௔௟௟	௦௢௟௜ௗ	௔௡௚௟௘
ൌ 2ߨන ߨ݇ଶ ሺ| ଵܵሺߠሻ|













where k = 2π/λ is called the wave number. Finally, the scattering efficiency, a dimensionless 





This section has briefly reviewed the Mie scattering theory for a single homogenous spherical 
particle. Before we extend this discussion to the IOPs of a particle suspension, we introduce 
the PSD in the next section. 
 
2.2  Particle Size Distribution 
 
The particle size distribution, or PSD, characterizes the concentration profile of the particles 
present in a suspension with respect to their sizes, and is expressed as ݊ሺܦሻ in differential 
form as 
 
݀ܰ ൌ ݊ሺܦሻ݀ܦ			,															ሺ9ሻ 
 
where ݀ܰ is the mean number of particles per unit volume in the diameter range ሺܦ, ܦ ൅
݀ܦሻ. In this formulation, ݊ሺܦሻ therefore carries a unit of particle number per suspension 
volume per length. The total number of particles per unit volume is then given by 
 







where ܦ௠௜௡ is the minimum diameter and ܦ௠௔௫ the maximum diameter of the particles in the 
suspension.  
 
Assuming the particles are all spherical and of homogeneous density ߩ, the TSS can be 
computed from the PSD by the following equation: 









The PSD is a very important quantity in the study of both physical and optical properties of 
water bodies, as it characterizes the distribution of the non-dissolved components within the 
water. Various PSDs have been proposed to model actual PSDs found to exist in natural 
waters, such as Gaussian models [Jonasz, 1983] and gamma function models [Risovic, 1993]. 
In the present work, we focus our investigations on the so-called Junge-type distribution, also 
more generally known as the power law model, which was first proposed by Junge to 
approximate atmospheric aerosols particle distribution [Junge, 1963]. The power law model 
is one of the most commonly cited PSD models in the oceanographic literature [Jonasz and 
Fournier, 2007]; this serves as our motivation for choosing to work with this type of PSD. 
The Junge-type PSD takes the form 
 
݊ሺܦሻ ൌ ݊଴ ൬ ܦܦ଴൰
ିఊ
			 , ߛ ∈ ሾ3,5ሿ														ሺ12ሻ 
 
where ݊଴ is the number concentration at the reference radius ܦ଴, conventionally taken to be 
1μm. The exponent, ߛ, is the slope factor of the PSD, and usually ranges from 3 to 5 [Jonasz 
and Fournier, 2007]. It can be seen from the form of this equation that the larger the γ is, the 
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higher the relative concentrations of smaller particles compared to larger particles. 
Conversely, as γ decreases, the proportion of larger particles increases, such that the 
distribution becomes flat in the hypothetical case of γ = 0. 
 
In the next section on the IOPs, we discuss the optics of particle suspensions, which will 
incorporate concepts from both single-particle optics and the PSD that we have covered 
above. 
 
2.3  Inherent Optical Properties of a Suspension of Particles 
 
The IOPs are a set of quantities that characterize the optical properties of a body of water and 
its constituents. The IOPs are made up of the total absorption coefficient ܽሺߣሻ , total  
scattering coefficient ܾሺߣሻ, total backscattering coefficient ܾ௕ሺߣሻ, total attenuation coefficient 
ܿሺߣሻ (where ܿ ൌ ܽ ൅ ܾ), scattering phase function ߚሖሺߠ, ߣሻ, and the backscattering fraction 
ܨሺߣሻ. Parameters such as ܽሺߣሻ, ܾሺߣሻ and ܾ௕ሺߣሻ can be separated into corresponding terms for 
the individual contributions from different substances found in water [IOCCG, 2003] , as  
 
ܽሺߣሻ ൌ ܽ௪ሺߣሻ ൅ ܽథሺߣሻ ൅ ܽ௚ሺߣሻ		,															ሺ13ሻ 
 
ܾሺߣሻ ൌ ܾ௪ሺߣሻ ൅ ܾ௣ሺߣሻ		,															ሺ14ሻ 
 
ܾ௕ሺߣሻ ൌ ܾ௕௪ሺߣሻ ൅ ܾ௕௣ሺߣሻ		,															ሺ15ሻ 
 
where ܽ௪ሺߣሻ is the absorption coefficient of water, ܽథሺߣሻ is the absorption coefficient of 
phytoplankton, and ܽ௚ሺߣሻ is the absorption coefficient of gelbstoff, also known as dissolved 
12 
 
organic matter, a substance present in many natural waters. ܾ௪ሺߣሻ is the scattering coefficient 
of water while ܾ௣ሺߣሻ is the scattering coefficient of particulate matter; the same constituents 
make up ܾ௕ሺߣሻ in Eqn (15). Note that BHMIE is used to generate ܾ௣ሺߣሻ and ܾ௕௣ሺߣሻ for the 
various PSDs; ܽ௪ሺߣሻ and ܾ௪ሺߣሻ are accounted for in Hydrolight (this will be discussed later 
on), while ܽ௚ሺߣሻ will be discussed later. The reader must be aware that we have not included 
phytoplankton in this study. 
 
In terms of the PSD, ܾ௣ሺߣሻ can be easily obtained from the scattering cross section: 
 





At this juncture, we note that both ܾ௣ሺߣሻ and TSS are directly related to ݊ሺܦሻ, as seen from 
Eqns (16) and (11) respectively. In fact, the relationship between ܾሺߣሻ  and TSS can be 
derived for the idealized Junge-type PSD in which the particles are spherical and 
homogeneous (ie, same density ߩ and refractive index). ܦ can be written in terms of ݔ [see 
Eqn (3)] as 
 
ܦ ൌ ߣߨܰ௠ ݔ			,															ሺ17ሻ 
 
so that  
 







݀ܦ ൌ ߣߨܰ௠ ݀ݔ			.															ሺ19ሻ 
 
Using these relations as well as Eqns (8) and (12), Eqn (16) can be written as 
 












where we have denoted ݈ை ൌ ఒగே೘ to shorten the equations for clearer presentation. Note that 
݈଴ becomes a constant for a fixed wavelength, hence it can be taken outside the integral. The 
dependence of the scattering efficiency ܳ௦ሺݔሻ  on ݔ  is not straightforward, hence the 
integration in the above equation cannot be done analytically. In a similar fashion, TSS [Eqn 
(11)] can be expressed in terms of ݔ: 
 


















ൌ 16ሺ4 െ ߛሻ ߩ݊଴ܦ଴




Diving Eqn (20) by Eqn (21) and doing some algebra leads us to 
 













where in the last step we have brought out the explicit dependence on ߣ and ܰ௠. Therefore, 
one can see from Eqn (22) that at a fixed wavelength, ܾ௣ሺߣሻ is linearly proportional to TSS. 
Despite the fact that an idealized Junge-type PSD is often the exception rather than the rule in 
representing natural waters, the scattering coefficient at a reference wavelength (usually at 
550nm) can often be a good proxy for TSS. For instance, Babin and co-workers found a 
strong correlation between the scattering coefficient at 555nm [ܾ௣ሺ555ሻ] and TSS from over 
200 samples [Babin et al, 2003] while Herlevi also found that average ܾ௣ሺߣሻ  over 9 
wavelengths is well-correlated to TSS [Herlevi, 2002]. In this work, ܾ௣ሺ550ሻ will be used as 
a proxy of TSS; this will be important in our grouping of the IOPs later on. 
 
The volume scattering function of the particle suspension, which is a product of ܾ௣ሺߣሻ and 
ߚሖ ሺߠ, ߣሻ, ie 
 
ߚሺߠ, ߣሻ ൌ ܾ௣ሺߣሻߚሖ ሺߠ, ߣሻ		,															ሺ23ሻ 
 









ߚሖ ሺߠ, ߣሻ of the suspension can then be easily obtained from Eqn (23), where ܾ௣ሺߣሻ is first 
computed by integrating ߚሺߠ, ߣሻ over all solid angles. In Eqn (24), the phase function that 
appears in the integrand is for single particles, and is derived from the Mie scattering routine 
BHMIE as outlined previously. ܾ௕௣ሺߣሻ can also be computed from the volume scattering 
function by integrating it over all backward scattering angles, as 
 





The backscattering fraction ܨሺߣሻ can then be easily obtained from the ratio of ܾ௕௣ሺߣሻ to 
ܾ௣ሺߣሻ. 
 
2.4  Downwelling irradiance and remote-sensing reflectance 
 
The downwelling irradiance ܧௗሺλሻ and remote-sensing reflectance ܴ௥௦ሺߣሻ are the two optical 
properties that will be studied in detail in this work. Irradiance is a measure of the photon 
flux that is incident on a surface, and is given as the power of electromagnetic radiation per 
unit area per unit wavelength interval. When we consider only photons that are headed 
downwards, we have the downwelling irradiance, which can be defined as 
 
ܧௗሺߣሻ ൌ ΔܳΔݐΔܣΔߣ			,															ሺ26ሻ 
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where Δܳ  is the amount of energy in the spectral range Δߣ passing downward through a 
surface of area Δܣ in time interval Δݐ [Mobley, 1994]. ܧௗሺλሻ thus carries a unit of W m-2  
um-1. When ܧௗሺλሻ is integrated over wavelength, we have the total power per unit area. This 
quantity will be touched upon later on when we discuss the photosynthetically available 
radiation. 
 
ܧௗሺλሻ is attenuated as it propagates downward through the water column, due to absorption 
and scattering by the water and its constituents. This attenuation effect is described by the 
diffuse downward attenuation coefficient ܭௗ , which is defined as  
 




where ܭௗሺz, λሻ, as expected, depends on depth in the water column, ݖ. The dependence of 
ܧௗሺλሻ on depth and ܭௗሺz, λሻ can therefore be written as 
 




where ܧௗሺ0, ߣሻ is the downwelling irradiance immediately beneath the water surface. In order 
to simplify calculations, it is common to assume a depth-averaged diffuse downward 
attenuation coefficient ܭௗതതതത which is constant within a specified depth range [Lee et al, 2005], 
as  
 






where ݖଶ ൐ ݖଵ. In such an approach, the attenuation of ܧௗሺߣሻ is simply 
 
ܧௗሺݖ, ߣሻ ൌ ܧௗሺ0, ߣሻ݁ି௄೏തതതതሺఒሻ௭			.															ሺ30ሻ 
 
In the case where the water is vertically homogeneous, as is assumed in the current work, the 
diffuse attenuation coefficient is constant with depth. 
 
The other optical quantity of interest, the remote-sensing reflectance ܴ௥௦ሺߣሻ, is a measure of 
the amount of the downwelling radiation that is reflected back into a particular upward 
direction, so that it can be detected by a radiometer [Mobley, 1994]. It is defined as  
 
ܴ௥௦ሺߣሻ ൌ ܮሺߣሻܧௗሺߣሻ			,															ሺ31ሻ 
 
where ܮሺߣሻ is the radiance pointing in an upward direction, and both ܮሺߣሻ and ܧௗሺߣሻ are 
measured just above the water surface. Radiance ܮሺߣሻ  is defined to be the power of 
electromagnetic radiation passing through a surface of unit area, per steradian of solid angle, 
per wavelength interval, and is the quantity measured by a radiometer. ܴ௥௦ሺߣሻ  therefore 
carries a unit of sr-1. ܴ௥௦ሺߣሻ has been found to relate to the IOPs via a series of semi-
empirical relations [Lee et al, 2002] : First, ܴ௥௦ሺߣሻ is related to the below surface remote-
sensing reflectance ݎ௥௦ሺߣሻ via 
 




where ܶ  depends on the irradiance transmittance from air to water ݐା , the radiance 
transmittance from water to air ݐି, and the refractive index of water ܰ௪ሺߣሻ, via ܶ ൌ ௧శ௧షேೢሺఒሻమ. Γ 
is the product of the water-to-air internal reflection coefficient and ratio of the upwelling 
irradiance to upwelling radiance. Approximate values for these two values have been found 
to be: ܶ ൎ 0.52, Γ ൎ 1.7 [Lee et al, 2002]. Next, ݎ௥௦ሺߣሻ is related to the IOPs via 
 
ݎ௥௦ሺߣሻ ൌ ݃଴ݑሺߣሻ ൅ ݃ଵݑሺߣሻଶ			,													ሺ33ሻ 
 
where ݑሺߣሻ ൌ ௕್ሺఒሻ௔ሺఒሻା௕್ሺఒሻ  is called the Gordon parameter, and approximate values for ݃଴ 
(ൎ 0.0949) and ଵ݃ (ൎ 0.0794ሻ have been found, although these empirical values vary with 
the phase function and other values have been proposed [Lee et al, 2002].  
 
More simplistically, ܴ௥௦ሺߣሻ has been found to relate empirically to the IOPs via  
  
ܴ௥௦ሺߣሻ ൌ ݂ ܾ௕ሺߣሻܽሺߣሻ ൅ ܾ௕ሺߣሻ			,															ሺ34ሻ 
 
where ݂ is a factor depending on the radiance distribution and volume scattering function in 
the water [Morel and Prieur, 1977]. From the form of this equation, one expects ܴ௥௦ሺߣሻ to be 
generally higher for suspensions with higher backscattering. This equation would come in 
useful in our interpretation of ܴ௥௦ሺߣሻ outputs from Hydrolight later on. 
 
In the next section, we discuss how both the magnitude and spectral quality of ܧௗሺλሻ can be 




2.5  Photosynthetically usable radiation  
 
In quantifying the variations of ܧௗሺλሻ across different PSD, we calculate the PUR and study 
its variations. The PUR is the amount of radiation energy that can be absorbed and used for 
photosynthesis by chlorophyll pigments, taking into consideration the amount of radiation 
energy available and the fraction that is absorbed for photosynthesis [Morel, 1978]. 
Therefore, the PUR is a product of two quantities: the photosynthetically available radiation 
(PAR) and the spectral quality component ߝ of that radiation. The PAR is ܧௗሺߣሻ integrated 
over the visible spectrum 400-750nm, or 
 





One expects the PAR to decrease with depth, as ܧௗሺߣሻ gets gradually attenuated. ߝ is given 
by 
 






As seen from the above equation, we have weighted ܧௗሺλሻ with the normalized specific 
absorption spectrum for chlorophyll, ܽ௉௉∗ ሺߣሻ , taken from the PROSPECT leave model 
[Jacquemoud et al, 1996]. The specific absorption coefficient is the ratio of ܽሺߣሻ and the 
chlorophyll pigment concentration. We have chosen to normalize ܽ௉௉∗ ሺߣሻ at its highest point, 






Fig 1: chlorophyll absorption spectrum, normalized at 400nm, as given by the PROSPECT leave model. This 
figure shows that chlorophyll absorbs most strongly in the blue (~400nm) and red (~680nm), and most weakly 
in the green (~550nm).  
 
The shape of the absorption profile, as seen in Fig 1, indicates that the spectral quality 
component would be higher for ܧௗሺߣሻ profiles that peak in the peripheral wavelengths as 
compared to those that peak in the central wavelengths.  
 
The PUR can then be written as 
 




 An advantage of using the PUR to study ܧௗሺλሻ  is that it simplifies our discussion by 
combining effects of wavelength and magnitude into one quantity. More importantly, it 






























Normatlised specific absorption profile of chlorophyll
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In the last section of this chapter, we review the software package that is widely used in the 
simulation of the underwater light field, Hydrolight. 
 
2.6  Hydrolight  
 
Hydrolight is a software package that numerically solves the radiative transfer equation 
(RTE), which governs how light is propagated through the water column. It is extensively 
used by the oceanographic community to simulate radiative transfer in water bodies 
[examples include McKee and Cunningham, 2005, and Smith and Mobley, 2008], as it 
provides a viable alternative to going afield to make actual measurements, which carries 
many inherent challenges as previously pointed out. Employing the invariant embedding 
technique, one of Hydrolight’s main strengths is that it is able to carry out simulations much 
faster than software that use the more traditional Monte Carlo method. Hydrolight also has an 
intuitive graphical user interface that guides the user to interactively run the software. 
 
In its simulation of the underwater light fields, Hydrolight requires 4 pieces of information to 
be input. Firstly, the user needs to input the IOPs of the suspension to be studied, namely, 
ܽሺߣሻ, ܿሺߣሻ, and ߚሖሺߠ, ߣሻ. ܽ௪ሺߣሻ are taken from Pope and Fry while ܾ௪ሺߣሻ are taken from 
Smith and Baker [respectively Pope and Fry, 1997 and Smith and Baker, 1981]. The IOPs of 
the water are added to the IOPs of the suspended particles as in Eqns (13) to (15) to yield the 
total IOPs of the system. The second input is the state of the air-water interface, which is 
determined by the above-surface wind speed [Cox and Munk, 1954]. Throughout this work, 
the wind speed is fixed at 0 m/s (ie, smooth water-air interface), so that the effects of the PSD 
on the light fields are not confounded by effects of a roughened water surface. The third input 
required is the spectral radiance distribution of the sky, which includes the diffused 
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component from the sky and background as well as the direct solar component. A built-in 
semi-empirical model that is based on RADTRAN [Gregg and Carder, 1990] is used as a 
standard in all the simulations, with clear sky (ie. 0 cloud cover) and solar angle of 30o. The 




Fig 2: spectral ܧௗሺλሻ just above the water surface, as given by the RADTRAN model for a clear sky and solar 
angle of 30o. This ܧௗሺλሻ is used in all our simulations. Note the wavelength resolution of 50nm, covering the 
range 400-750nm; these are the wavelengths used in this paper. 
 
Lastly, the characteristics of the bottom boundary have to be input. These include the spectral 
reflectance of the bottom and its depth. Here, an infinite-bottom is assumed so that ܧௗሺߣሻ at 
any desired depth can be studied without the undesirable effects of bottom surface reflection. 
 
As can be seen, the only parameters that are varied in our simulations are the IOPs of the 




















downwelling irradiance incident on the water surface
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earlier. Changes in the scattering properties of the suspended particles are expected to affect 
the light field in the water column, through the altered volume scattering function. 
 
Hydrolight outputs a range of quantities, including radiometric quantities such as diffuse 
attenuation coefficients, irradiance, radiance, reflectance, etc, and geometric quantities such 
as the upward and downward cosines. These outputs are depth- and wavelength-dependent. 
In this paper, we focus our analysis on ܧௗ and ܴ௥௦.  
 
Hydrolight also allows users to execute ‘special runs’, which are not the ordinary simulation 
runs but are procedures to allow users to modify specific input quantities that are not built-in 
in Hydrolight. In particular, these runs allow users to add new ߚሖ ሺߠ, ߣሻ which are not normally 
available in Hydrolight; these runs can also be used to add new wind speeds to generate a 
new surface file. We have used special runs to generate the various wavelength-dependent 























CHAPTER 3: METHODS AND PROCEDURES 
 
In this section, the procedures and steps taken in this work are outlined in detail. We start off 
by explaining how various Junge-type PSDs are simulated from suspensions of clay, silt and 
sand particles; next, we explain how the Mie scattering routine BHMIE is used to generate 
the scattering phase function ߚሖሺߣ, ߠሻ and scattering efficiency sQ of single particles, and how 
these are then used to derive the ߚሖሺߣ, ߠሻ  and the scattering coefficient ܾ௣ሺߣሻof particle 
suspensions; then, we discuss how the absorption coefficient are obtained from the spectral 
model of gelbstoff, and how the IOPs of waters of various TSS are generated and grouped; 
finally, we explain how Hydrolight special runs are executed to generate the new ߚሖሺߣ, ߠሻ, and 
how Hydrolight is then used to simulate radiative transfer in these waters. 
 
3.1  Generating Junge-type PSDs 
 
Junge-type PSDs are power-law expressions (Eqn (12)) that model the size distribution of 
particles in a suspension. We simulate our PSDs from the three types of particles: clay, silt 
and sand, as these particles together constitute the mineral component of soils [Brown, 2003], 
which are ubiquitous in natural water systems.  
 
Instead of generating PSDs over arbitrary size domains, the size bins of the LISST-100X are 
used. LISST-100X, which stands for Laser In-Situ Scattering and Transmissometry, is an 
instrument that measures the volume concentration of suspended particulate matter using the 
technique of laser diffraction, and converts that to the PSD [LISST-100X User’s manual]. 
Using the LISST-100X size bins would ensure that the PSDs simulated are realistic and can 
be compared to PSDs measured using this instrument or those reported in the literature, as the 
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LISST series is a frequently-used tool to measure in-situ PSDs [such as Ahn, 2012, and 
Astoreca et al, 2012]. The size bins of LISST-100X are logarithmically spaced into 32 bins, 
running from a minimum diameter of 1.25μm to a maximum diameter of 250μm. We have 
extended the lower limit of our size range to 0.2μm to also include submicron particles in our 
suspensions, because these particles are highly optically active and strongly influence the 
backscattering fraction ܨሺߣሻ of the PSD [Ulloa et al, 1994]. In addition, the upper limit has 
been extended to 500μm to capture the larger sand particles. 
 
The median diameter of each bin is shown in the Table 1. 
 
Bin number Median diameter / μm Bin number Median diameter / μm 
1 1.44 17 19.5 
2 1.68 18 23 
3 1.97 19 27.1 
4 2.31 20 31.9 
5 2.72 21 37.6 
6 3.19 22 44.4 
7 3.76 23 52.4 
8 4.43 24 61.7 
9 5.21 25 72.8 
10 6.14 26 85.9 
11 7.24 27 101 
12 8.54 28 119 
13 10.1 29 140 
14 11.9 30 166 
15 14 31 196 
16 16.5 32 231 
 
Table 1: median diameters of the 32 size bins of the LISST-100X, as given in the User’s Manual. There are 
altogether 32 bins, spaced logarithmically, with the smallest mean diameter of 1.44μm and largest mean 




Although each suspension conforms to the power law, each individual type of particles (ie 
clay, silt and sand) that constitutes the final PSD is modeled after a log-normal distribution. 
This not only allows efficient optimization of three separate distributions into one final 
power-law distribution, but more importantly, it gives physical meaning to what is meant by 
mixing three particle groups into one suspension and negates the need for unrealistic and 
arbitrary partitioning of the Junge-type PSD into separate particle types.  
 
The PSD of the suspension ݊ሺܦሻ can be expressed as the sum of the PSDs of the three 















where ݉௜  and ݏ௜  are respectively the mean and standard deviation of ݈݊ܦ  of the ݅ -th 
component, while ௜ܰ  is the total number of particles of type ݅  per unit volume of the 



















In the optimization of three log-normal distributions into one power-law distribution, each 
particle type population is constrained to have its mean diameter within the size interval 
which defines that particle type: clay particles in the ൑2μm range, silt particles in the 2μm-
50μm range, and sand particles in the ൒50μm range [Parker, 2009]. In addition, the number 
concentration of each particle population is made to drop to 0 at the lower and upper limits of 
the size range considered (ie 0.2-500μm) so that the total probability captured in this size 
range is more than 0.999. This ensures that no “tails” of any PSD is left unaccounted for in 
the calculation of the optical properties later on.  
 
Further, as can be seen from Eqn (12), Junge-type PSDs are characterized by two terms: the 
number concentration ݊଴  at the reference diameter ܦ଴  (=1μm), and the exponent ߛ . For a 
fixed 	ߛ , ݊଴ affects the overall number concentration of the suspension—the higher the value 
of ݊଴, the more particles there are and the more scattering the suspension generally becomes. 
However, in order to generate different ߚሖሺߣ, ߠሻ  for different PSDs, total number 
concentration is irrelevant—number concentrations only affect the magnitude of the 
scattering [ie ܾ௣ሺߣሻ and ܾ௕௣ሺߣሻ], whereas the shape of the ߚሖሺߣ, ߠሻ will be influenced by the 
relative concentrations of the different particles (ie the slope of the PSD). As previously 
pointed out, ܾ௣ሺ550ሻ is used as a proxy to the TSS. Therefore, as long as the spectral shapes 
of ܾ௣ሺߣሻ and ܾ௕௣ሺߣሻ are known from the PSD, the TSS of the sample can be varied by 
changing ܾ௣ሺߣሻ in relation to ܾ௣ሺ550ሻ, instead of varying ݊଴, rendering ݊଴ (and, likewise, 
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௜ܰ) a dummy variable in the optimization. The exponent γ, however, has to be carefully 
constrained. Five different values of ߛ are used to generate 5 different PSDs, with ߛ = 3.0, 
3.5, 4.0, 4.5, and 5.0. Together, these span the range of γ typically reported in the literature 
[Jonasz and Fournier, 2007]. For each γ, an optimization procedure is used to generate the 
Junge-type PSD based on the above constraints. For each run, the program is made to stop 
when the best fit is achieved between the 32 data points and the power law. This goodness of 
fit is measured by the ܴଶ value. The following table summarizes the optimized parameters 














  clay (i = 1) silt (i = 2) sand (i = 3) 
γ m s μ / μm N / cm-3 m s μ / μm N / cm-3 m s μ / μm N / cm-3 R2 
3 0.01985 0.526911 1.171949 5.69E+04 1.99201 0.928061 11.27579 7.80E+02 5.588495 0.01 267.3464 4.22E-05 0.984 
3.5 0.01985 0.526911 1.171949 3.28E+05 1.868612 0.877289 9.520339 1.54E+03 5.588495 0.01 267.3464 1.90E-04 0.988 
4 0.01985 0.526911 1.171949 1.25E+06 1.785479 0.832443 8.431376 2.07E+03 5.588495 0.01 267.3464 5.16E-04 0.991 
4.5 0.01985 0.526911 1.171949 2.67E+06 1.724549 0.794388 7.69119 1.56E+03 5.588495 0.01 267.3464 7.09E-04 0.993 
5 0.01985 0.526911 1.171949 3.54E+06 1.676689 0.761831 7.14835 7.45E+02 5.588495 0.01 267.3464 5.61E-04 0.994 
 
Table 2: summary of optimized parameters used to generate the 5 Junge-type PSDs (plotted in Fig 3 below). Two constraints are used in these optimizations: (1) the mean (μ) 
of clay is constrained to be in the range 0.2-2μm, μ of silt in the range 2-50μm, μ of sand in the range 50-500μm; (2) all PSDs are constrained to have more than 99.9% of 
their probabilities lie within 0.2-500μm so that no “tails” are left unaccounted for. Note that the mean values and standard deviations of the clay and sand PSDs do not 
change with γ; this shows that changes among the 5 PSDs are a result of the changing silt PSD only. Note also that the number concentrations of the sand PSDs are much 
lower compared to the other two PSDs, indicating that sand may have limited contributions to the final optical properties of the suspension. As seen in the ܴଶ column, these 




The resulting 5 PSDs are shown in the following figure. 
 
 
Fig 3: the 5 Junge-type PSDs that are simulated by summing log-normal populations of clay, silt and sand 
particles, with optimized parameters shown in Table 2. Each PSD is made up of 32 data points, corresponding 
to the medians of the LISST-100X size bins as shown in Table 1. Note that these are plotted with ݈݊ ݊ሺܦሻ 
against ln ሺ ஽஽బሻ. The straight lines show the fits of the data points to the power law, with the lowest-gradient line 
corresponding to γ = 3.0 and the steepest line to γ = 5.0.  
 
These PSDs will be used to generate the various ߚሖ ሺߣ, ߠሻ in the following sections. 
 
3.2  IOPs of single particles and particle suspensions 
 
In order to calculate the scattering properties of particle suspensions, the scattering properties 
of single particles have to be calculated first. This is done by using the Mie scattering code 
BHMIE [Bohren and Huffman, 1983]. A copy of BHMIE, coded in the Fortran language, can 























real refractive index of the surrounding medium, ie water, (2) the complex refractive index of 
the scattering sphere, (3) the radius of the sphere, and (4) the wavelength of light in vacuum. 
These are compiled into an input text file that is then fed to BHMIE. The refractive indices of 
water and clay, silt and sand particles used in this work are shown in Fig 4 below, with their 
respective sources shown in Table 3. The refractive index of clay is taken to be that of 
kaolinite, which is the most common and important constituent of clay minerals [Janczuk, 
1989], whereas the refractive index of sand is approximated by quartz, the most common 
constituent of sand particles [Enclycopaedia Britannica, 2012].  Though the wavelength 
dependent values of the refractive indices of the three types of particles are used in this work, 
it is noted that the refractive indices do not change much with wavelength within the visible 
spectral region from 400 nm to 750 nm.  
 
 
Fig 4: refractive indices of water, and clay, silt and sand particles used to compute the single-particle scattering 
properties. The refractive indices of clay and silt have been given relative to water, hence their spectral shapes 
follow that of water. We note that the refractive indices are all quite spectrally-flat, with clay particles 



























Substance   Source 
Water International Association for the 
Properties of Water and Steam, 1997 
Clay  Wozniak and Stramski, 2004 
Silt  Volten et al, 1998* 
Sand  Ghosh, 1999 
 
Table 3: references for the refractive indices of the various substances. *This paper reports the relative 
refractive index at only 663nm; we have extended the same relative refractive index to other wavelengths. 
 
Since absorption coefficients of the suspensions are derived from a spectral model, as will be 
explained later, the imaginary parts of the refractive indices of the suspended particles are 
taken to be 0 when executing the BHMIE code. As for the radius, the entire diameter range of 
0.2-500μm is considered for all particle types, since the tails of the log-normal distributions 
extend to these limits even though the majority of each particle type is concentrated in their 
own size domains.  
 
The outputs from BHMIE are used to calculate ߚሖሺߠ, ߣሻof each particle, according to Eqn (4). 
With these single-particle ߚሖሺߠ, ߣሻ, we can then proceed to compute the scattering properties 
of the whole suspension. To do that, we first derive the volume scattering function ߚሺߠ, ߣሻ of 
each particle population of the suspension, using Eqn (23), where the term ߪ௦ሺߣሻ in the 
equation is also generated by BHMIE. The three ߚሺߠ, ߣሻ, each for the log-normal clay, silt 
and sand PSDs, are summed up algebraically to yield the total ߚሺߠ, ߣሻ of all the particles in 
the suspension. Next, ܾ௣ሺߣሻ is obtained by integrating the total ߚሺߠ, ߣሻ over all solid angle, 
using Eqn (25) but changing the lower integration limit to 0. The phase function ߚሖሺߠ, ߣሻ can 
then be easily worked out using Eqn (23). This series of steps allows us to derive all the 




It should be noted at this point that the strong forward peak of most ߚሺߠ, ߣሻ  introduces 
problems when integrating over ߚሺߠ, ߣሻ, especially when angular resolution is limited or 
when different integrating routines are used. This may lead to inaccuracies when calculating 
the phase functions from ߚሺߠ, ߣሻ . The strong forward peak in ߚሺߠ, ߣሻ  is associated with 
particles of large size parameters. Hence, in particle compositions where smaller particles are 
predominant, the effect of the forward peak is limited. This is the case with all PSDs 
simulated in this work, where the smallest PSD slope of γ = 3.0 is still dominated by smaller 
particles. Caution should be exercised when working with PSDs where the proportion of 
large particles is higher than the proportion of smaller particles. 
 
3.3  Obtaining ࢇሺࣅሻ from a spectral model 
 
Natural particle suspensions display both scattering and absorption properties. In order to 
make our particle compositions more realistic, we introduce another component into our 
suspensions—the coloured dissolved organic matter, also known as gelbstoff. Gelbstoff is a 
non-scattering, absorbing component responsible for the yellow coloration seen in many 
natural waters. A gelbstoff absorption spectral model that has been widely reported is used to 
model the ܽ௚ሺߣሻ of our PSDs: 
 
ܽ௚ሺߣሻ ൌ ܩ݁ିௌሺఒିఒబሻ		,															ሺ42ሻ 
 
where ܵ is an empirically-determined slope factor, and has been reported to be in the range of 
about 0.01 to 0.02nm-1 [IOCCG, 2000], while ߣ଴ is the reference wavelength. We have fixed 
ܵ to be 0.018nm-1 while ߣ଴ to be 440nm. The value ܩ  is the absorption coefficient at the 
reference wavelength, and can be adjusted to model for waters of different absorption levels. 
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It can be seen from the form of Eqn (42) that the absorption of gelbstoff decreases 
exponentially with wavelength, so that, like chlorophyll, its absorption peak is in the blue 
region. The total absorption coefficient ܽሺߣሻ of the water can then derived from Eqn (13). 
 
In the following section, we explain how waters of various TSS are simulated and grouped 
from the IOPs that we have computed above. 
 
3.4  Simulation of waters with various TSS 
 
We have divided our suspensions into 2 main groups: one with similar ܾ௣ሺ550ሻ (ie same 
TSS) and different PSD, the other with similar ܾ௕௣ሺ550ሻ and different PSD. The rationale for 
such a grouping, as explained earlier, is such: the first group is to isolate the effects of the 
PSD on the light fields, the second group would demonstrate if the effects of the PSD can be 
minimized if ܾ௕௣ሺ550ሻ of the suspension is known. Group 1 is then called “Fixed_B” while 
group 2 is called “Fixed_BB”. 
 
Each of these groups is further subdivided into 2 smaller groups: one in which the both the 
scattering and absorption properties are varied together, and one in which the absorption is 
fixed at a moderate value of ܩ = 0.2 m-1 while the scattering is varied. This distinction is less 
significant than the previous one, and simply allows us to simulate for a wider range of water 
types that are usually observed. The first subgroup is called “Varied_G” while the second is 






Group Fixed_B Group Fixed_BB 
Varied_G Const_G Varied_G Const_G 
TSS level G / m-1 bp(550) / m-1 G / m-1
bp(550) /  
m-1 G / m-1 bbp(550) / m-1 G / m-1 
bbp(550) /   
m-1 
Low 0.05 2.5 0.2 2.5 0.05 0.05 0.2 0.05 
Moderate 0.2 10 0.2 10 0.2 0.2 0.2 0.2 
High 0.5 25 0.2 25 0.5 0.5 0.2 0.5 
Very high 1 50 0.2 50 1 1 0.2 1 
 
Table 4: groupings of IOPs used in the simulations. As explained in the text, group “Fixed_B” isolates the 
effects of the PSD by varying the PSD for the same TSS, while group “Fixed_BB” attempts to reduce the effects 
of the PSD by using the ܾ௕ሺ550ሻ values. The subgroupings Varied_G and Const_G allow us to simulate for a 
wider range of waters. Note that although denoting TSS levels as “low” or “high”, as has been done here, may 
appear subjective, it is typical for the values shown above to be associated with their corresponding TSS level, 
both in the literature and from our own fieldwork. In any case, these TSS levels serve as useful labels for IOPs 
considered.  
 
For each ܾ௣ሺ550ሻ shown in the table, we have to work out the corresponding ܾ௣ሺߣሻ at other 
wavelengths. These are easily computed from their values relative to ܾ௣ሺ550ሻ, which can be 
obtained from the spectral shape of ܾ௣ሺߣሻ derived earlier. The same process is applied to 
ܾ௕௣ሺߣሻ  at other wavelengths, using their values relative to ܾ௕௣ሺ550ሻ . ܽ௚ሺߣሻ  at other 
wavelengths can be calculated from Eqn (42), since we have fixed S to be 0.018 nm-1. With 
these steps, we can derive all the ܽ௚ሺߣሻ and ܾ௣ሺߣሻ [or ܾ௕௣ሺߣሻ] for each situation. The next 
step is to input these to Hydrolight to generate the light fields.  
 
3.5  Hydrolight simulations 
 
As noted earlier, Hydrolight special runs are used in this work to generate the wavelength-
dependent ߚሖሺߠ, ߣሻ for the 5 Junge-type PSDs. These special runs are conducted in accordance 
to the steps outlined in the Hydrolight Technical Documentation [Mobley and Sundman, 
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2006], and requires the user to modify a Fortran subroutine template that will generate the 
new ߚሖሺߠ, ߣሻ  when executed. A copy of a subroutine that has been modified for use is 
enclosed in the Appendix.  
 
After the ߚሖ ሺߠ, ߣሻ  are generated, Hydrolight is executed with the inputs illustrated in the 
following table.  
 
Input item Group Fixed_B Group Fixed_BB 
IOPs of water Absorption coefficients 
taken from Pope and Fry, 
1997; 
Scattering coefficients 
taken from Smith and 
Baker, 1981 
Same as Group Fixed_B 
IOPs of suspension ܽ௚ሺߣሻ, ܾ௣ሺߣሻ, ߚሖ ሺߠ, ߣሻ as 
generated 
ܽ௚ሺߣሻ, ܾ௕௣ሺߣሻ, ߚሖ ሺߠ, ߣሻ as 
generated 
Surface wind speed 0 m-1; smooth surface Same as Group Fixed_B  
Incident solar irradiance RADTRAN, solar angle of 
300, clear sky; see Fig 2 
Same as Group Fixed_B 
Bottom characteristics Bottomless  Same as Group Fixed_B 
 
Table 5: summary of inputs to run Hydrolight, for the two different groups of IOPs described in Table 4. Note 
that except for the IOPs of the suspension, all other inputs are the same.  
 
The execution of Hydrolight can be automated as explained in the Technical Documentation. 
Outputs are generated at these depths: 0.1m, 0.2m, 0.4m, 0.8m, 1.6m, 3.2m, 6.4m, and 
12.8m.  
 







CHAPTER 4: RESULTS AND DISCUSSION 
 
This section is organized as follows: Firstly, the optical properties of single particles, as 
generated by the Mie scattering code BHMIE, are presented. Next, we discuss the optical 
properties of particle suspensions, corresponding to the various PSDs. The PUR and ܴ௥௦ሺߣሻ 
profiles as generated by Hydrolight for the various PSDs will then be shown, and finally the 
analysis of their variations is presented. 
 
4.1  Optical properties of single particles 
 
The scattering efficiency, ܳ௦ሺߣሻ, of single particles, which is calculated by the Mie scattering 






Fig 5: ܳ௦ሺߣሻ of single clay, silt and sand particles, as generated by BHMIE. Note that by describing ܳ௦ሺߣሻ in 
terms of the size parameter x, one is able to collapse ܳ௦ሺߣሻ across the different wavelengths and diameters into 
one graph per particle type. The graph has been plotted with logarithmic horizontal axis to highlight the 
oscillations observed in all ܳ௦ሺߣሻ of the three particle types, which fade with increasing x to an asymptotic limit 











































As can be seen from the graph, for all 3 particle types, ܳ௦ሺߣሻ displays a series of oscillations 
before coming to an asymptotic limit of about 2, indicating that at the large size limit, the 
particle scatters twice as much radiation as the geometric cross-section intersects. This 
pattern of ܳ௦ሺߣሻ is well-documented, with the asymptotic limit of ~2 being known as the 
extinction paradox [Bohren and Huffman, 1983]. This paradox can be explained as such: the 
amount of radiation removed by the geometric cross-section contributes a factor of 1 to the 
extinction efficiency, while light that is diffracted by the edge of the sphere contributes 
another factor of 1 [Jonazs and Fournier, 2007]. The series of regular and broad oscillations 
observed at the smaller ݔ range are referred to as the interference structure, and are caused by 
the interference of the incident and forward-scattered light [Bohren and Huffman, 1983]. The 
reader is referred to the book by Bohren and Huffman, 1983, for a detailed mathematical 
treatment of these phenomena.  
 
The following figure (Fig. 6) show the scattering phase functions ߚሖሺߣ, ߠሻ  for the three 

































Fig 6: ߚሖሺߣ, ߠሻ at 550nm of 10μm clay, silt and sand particles, in various presentations. (A) ߚሖሺߣ, ߠሻ across the 
full angular range, using a logarithmic vertical axis. Note the strong forward peak in all 3 particles. (B) the 
same phase functions, in polar plots. The origin is 10-6 sr-1, and increases outward logarithmically; ߠ  is 
measured counter-clockwise from the horizontal axis on the right, and increases in steps of 150. The forward 


















-7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7































across 3600. (C) ߚሖሺߣ, ߠሻ, normalized to ߚሖሺߣ, ߠ ൌ 0଴ሻ and shown from 00-50, to bring out the shape profile of the 
forward peak.  
 
From Fig 6, we observe the strong forward peaks of these ߚሖሺߣ, ߠሻ, which quickly drop down 
to low values within the first few degrees of scattering. Fig 6(C) demonstrates that the 
material type has minimal effects on the shape profile of the forward peak. The 
backscattering fraction ܨሺߣሻ calculated for these ߚሖ ሺߣ, ߠሻ are: clay = 0.0282; silt = 0.0201; 
sand = 0.0211. This is because higher refractive index has been found to give rise to higher 
ܨሺߣሻ [Ulloa et al, 1994], and in our simulations, clay has the highest refractive index at 
550nm (1.5570), followed by sand (1.5460), with silt having the lowest (1.4676).  
 
The following series of figures shows the ߚሖ ሺߣ, ߠሻ of the 3 particle types, at D = 10μm, for ߣ = 
400nm, 550nm, and 700nm. These figures give an indication of how ߚሖ ሺߣ, ߠሻ varies across 
































Fig 7: ߚሖሺߣ, ߠሻ of single clay (A), silt (B) and sand (C) particles, at ܦ = 10μm, for ߣ = 400nm, 550nm, and 
700nm. There are visible differences across wavelength, due to significant changes in the size parameter x, as 
explained in the text.  
 
As seen in Fig 7, there are visible differences across different wavelength. This is to be 
expected, because although the refractive indices do not vary much with wavelength (see Fig 
4), differences in ݔ are considerable, owing to large changes in the wavelength. For the 10μm 



















































ݔ decreases from 116.0 at 400nm to 65.66 at 700nm. To see the differences between the 























































Fig 8: same as Fig 7, but zoomed into the forward  5଴ and plotted in normal scale. From these figures, we can 
see much clearer the differences between ߚሖሺߣ, ߠሻ for various wavelengths. These differences are expected, 
considering the changes in the size parameter ݔ. 
 
The bigger the size parameter, the larger the particle appears to the incident radiation, and the 
more forward scattering the particle produces. This is clearly seen in Fig 8 above, where the 
400μm profile always shows the highest forward peak while the 700nm profile always shows 
the lowest forward peak. 
 
Next, we compare ߚሖ ሺߣ, ߠሻ  across particle size, using the polar plot and the normalized 
ߚሖ ሺߣ, ߠሻ. For brevity, only clay is shown; the other two particles, silt and sand, display the 
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Fig 9: (A) polar plots of  ߚሖሺߣ, ߠሻ of clay particles, at 550nm, for ܦ = 10μm and 200μm. Axis arrangement is 
similar to Fig 6(B).  Notice that the backscattering portion of D = 200μm is visibly smaller than D = 10μm. (B) 
ߚሖሺߣ, ߠሻ, zoomed into the forward 5଴ to capture the forward peak that is not seen in (A). This plot shows that the 
forward scattering peak of the 200μm particle is ~100 times larger that of the 10μm particle. (C) ߚሖሺߣ, ߠሻ, 
normalized to ߚሖሺߣ, ߠ ൌ 0଴ሻ and shown from 0଴ െ 5଴. The forward peak of D = 200μm has a much sharper 
profile than D = 10μm, indicating a much more pronounced forward scattering peak. 
 
Fig 9 demonstrates that as particle size increases, the forward scattering peak becomes much 
larger. In fact, we see from Fig 9B that the peak is about 2 orders of magnitude larger in the 
200μm particle. Again, this is to be expected, as large particles forward-scatter more than 
small particles. Table 6 below summarizes the backscattering fraction ܨሺߣሻ  of the three 



































  400nm 550nm 700nm 
D / um clay silt sand clay silt sand clay silt sand 
10 0.0280 0.0143 0.0249 0.0282 0.0201 0.0211 0.0310 0.0127 0.0324
200 0.0121 0.0039 0.0115 0.0136 0.0046 0.0126 0.0151 0.0057 0.0140
 
Table 6: ܨሺߣሻ of the three particles, at ܦ = 10μm and 200μm, for ߣ ൌ 400nm, 550nm and 700nm. For all 3 
particles, ܨሺߣሻ decreases with increasing ܦ. As explained in the text, this is to be expected, because small 
particles scatter backwards more than large particles. 
 























Fig 10: ܨሺߣሻ for all three particles, at D = 10μm (A) and 200μm (B). Changes in ܨሺߣሻ across wavelength is 
more straightforward in the 200μm particles, where all three particles show almost monotonic increases in 
ܨሺߣሻ with wavelength. This is not so in the 10μm particle. Note the larger ܨሺߣሻ for D = 10μm in all three 
particle types. 
 
As seen in Fig 10B, ܨሺߣሻ increases almost monotonically, though gradually, with wavelength 
in the 200μm particles. This is to be expected: the size parameter ݔ  becomes smaller as 
wavelength increases. However, the ܨሺߣሻ profiles for the 10μm particles show no substantial 
variability with respect to wavelength. 
 
In the next section, we examine how these single-particle optical properties can be extended 


























4.2  Optical properties of particle suspensions 
 
Using Eqns (23) and (24), the phase functions ߚሖሺߣ, ߠሻ of particle suspensions can be derived. 
























































Fig 11: ߚሖሺߣ, ߠሻ at 550nm of the five PSDs in various presentations. (A) ߚሖሺߣ, ߠሻ across the full angular range. 
With the exception of γ = 3.0, ߚሖሺߣ, ߠሻ for the various PSDs display limited differences across the angular range. 
(B) ߚሖሺߣ, ߠሻ , zoomed into ߠ ൌ 0଴ െ 2଴  to highlight the forward peaks. The forward peak increases with 
decreasing γ, indicating that suspensions with greater proportions of large particles forward scatter more. 
ߚሖሺߣ, ߠ ൌ 0଴ሻ can vary by as much as 2 orders of magnitude. (C) ߚሖሺߣ, ߠሻ normalized to ߚሖሺߣ, ߠ ൌ 0଴ሻ. Due to its 
sharp forward peak, ߚሖሺߣ, ߠሻ for γ = 3.0 displays a much steeper profile compared to the gentler profile of γ = 
5.0, whose forward peak is comparatively more gradual. 
 
We observe from Fig 11 that differences in ߚሖሺߣ, ߠሻ  across PSD are concentrated in the 
forward peaks, where ߚሖሺߣ, ߠሻ decreases with increasing γ and can vary by as much as 2 
orders of magnitude from γ = 3.0 to γ = 5.0. Again, this trend is consistent with the fact as γ 
decreases, the proportion of larger particles increases, leading to a more forward scattering. 
In addition, as γ increases (ie, proportion of small particles increases), the shape of the 
forward peak becomes more gradual, and spreads over a wider angular span. The 
backscattering fraction ܨሺߣሻ, which can be calculated from ߚሖሺߣ, ߠሻ by integrating it over the 


































Fig 12: ܨሺߣሻ as a function of γ, at 400nm, 550nm and 700nm. ܨሺߣሻ increases with γ for all the wavelengths, but 
gradually becomes asymptotic after γ = 4.5. This shows that increasing the small-particle proportion beyond γ 
= 4.5 has little impact on the backscattering fraction of the suspension. Another observation is that ܨሺߣሻ 
decreases with increasing wavelength, indicating that the longer wavelengths are less sensitive to changes in 
particle composition. 
 
From Fig 12, it is observed that ܨሺߣሻ increases with γ for all wavelengths. This is to be 
expected, because as γ increases, the proportion of small particles increases, which in turn 
lead to higher backscattering. However, ܨሺߣሻ  reaches asymptotic levels after γ = 4.5, 
indicating that increasing the proportion of small particles beyond this point has little effects 
on ܨሺߣሻ . We also note that changes in ܨሺߣሻ  across γ become smaller with increasing 
wavelength, demonstrating that the longer wavelengths are less sensitive to the particle 
composition.  
 
































































































Fig 13: ߚሖሺߣ, ߠሻ for λ = 400nm, 550nm, and 700nm for the various PSDs. Differences across wavelength are 
small, though it is interesting to note that the spread in ߚሖሺߣ, ߠሻ increases with increasing γ. This suggests that 
ߚሖሺߣ, ߠሻ becomes more sensitive to wavelength in PSDs with higher proportions of small particles. 
 
From Fig 13, we note that variations in ߚሖሺߣ, ߠሻ across wavelength are small. This is likely a 
result of the almost spectrally-flat refractive indices of the constituent particles, resulting in 
ߚሖ ሺߣ, ߠሻ which show little spread over wavelength. Also, as γ increases, the local maximum 
near 900 steadily decreases, finally giving rise to a smooth transition from the forward scatter 
















































wavelength gradually increases with γ, suggesting that ߚሖ ሺߣ, ߠሻ becomes more sensitive to 
wavelength in suspensions with higher proportion of small particles. 
 
The backscattering fraction ܨሺߣሻ can also be plotted against wavelength to see its spectral 
profile. This is shown in Fig 14 below. 
 
 
Fig 14: ܨሺߣሻ as a function of wavelength, for various γ. These ܨሺߣሻ profiles can all be well-described by a 
power law, with ܴଶ values all above 0.99.  
 
As we have seen earlier in Fig 12, ܨሺߣሻ increases with increasing γ. This is demonstrated in 
Fig 14 for all wavelengths. In addition, Fig 14 also reinforces Fig 12 in that it shows that the 
effects of γ begins to saturate at γ = 4.5, especially at longer wavelengths, where ܨሺߣሻ is less 
sensitive to changes in γ. The spectral profile of these ܨሺߣሻ can all be described well by a 
power law expression, with ܴଶ values all exceeding 0.99.  
 
Other than ߚሖሺߣ, ߠሻ and ܨሺߣሻ, IOPs of particle suspensions also consist of ܾ௣ሺߣሻ and ܾ௕௣ሺߣሻ. 




















previous chapter. In the following Fig 15, the graph of ܾ௣ሺߣሻ normalized to unity at ܾ௣ሺ550ሻ 
is shown. This graph is applicable to the group “Fixed_B” described earlier, in which 
ܾ௣ሺ550ሻ is used as a proxy to TSS. Given the value of ܾ௣ሺ550ሻ for a specific suspension of 
particles, the values of ܾ௣ሺߣሻ  at other wavelengths can be obtained by multiplying the 
corresponding values in this graph to ܾ௣ሺ550ሻ, as shown in Table 4.  
 
 
Fig 15: ܾ௣ሺߣሻ , normalized to ܾ௣ሺ550ሻ . This graph shows how ܾ௣ሺߣሻ  for the various TSS levels can be 
generated: the value of ܾ௉ሺ550ሻ for that TSS level is simply multiplied to the ܾ௣ሺߣሻ value shown above. This 
graph has been zoomed in along the vertical axis to magnify the small differences between various γ. Note that 
the profiles for γ = 4.5 and γ = 5.0 almost overlap throughout. 
 
We note from the above figure that the spectral shape of ܾ௣ሺߣሻ becomes smoother with 
increasing γ, and that differences across γ are limited. This is especially true for γ = 4.5 and γ 
= 5.0, which almost overlap throughout the spectral range. These ܾ௣ሺߣሻ profiles can all be 
well-described by power-law equations of the form ܾ௣ሺߣሻ ൌ ܣߣఛ , where the exponent ߬ is 
positive. This is different from what is expected from theory: for a suspension of non-



























from 0 to infinity, with a refractive index that is spectrally-constant and close to that of water, 
the particulate scattering has a power-law wavelength-dependence, but with negative 
exponent [Boss et al, 2001]. Whether this observed departure from the power-law rule is a 
result of mixing different particle types of wavelength-dependent refractive indices requires 
further investigation. 
 
Finally, we present the backscattering coefficient ܾ௕௣ሺߣሻ computed for the various PSDs. As 
is the case with ܾ௣ሺߣሻ, the graph of ܾ௕௣ሺߣሻ normalized to ܾ௕௣ሺ550ሻ can be easily used to 
generate the ܾ௕௣ሺߣሻ  values at other wavelengths by multiplying to them the value of 
ܾ௕௣ሺ550ሻ  from Table 4, under the group “Fixed_BB” described earlier. The graph of 
ܾ௕௣ሺߣሻ/ܾ௕௣ሺ550ሻ is shown in Fig 16 below. 
 
 
Fig 16: ܾ௕௣ሺߣሻ normalized to ܾ௕௣ሺ550ሻ, for the various PSDs. As is the case with ܾ௣ሺߣሻ/ܾ௣ሺ550ሻ in Fig 15, the 






























The spectral dependence of ܾ௕௣ሺߣሻ has often been modeled after the power law [IOCCG, 
2000]. This is demonstrated in Fig 16 above: all profiles fit very well to the power law 
expression, with ܴଶ values of 0.9 or higher. 
 
This section has reviewed the IOPs that result from various Junge-like PSDs. It is noted that 
the particle composition has a strong effect on the phase function ߚሖ ሺߣ, ߠሻ of the suspension, 
in particular in the forward scattering peak. Since the forward scattering peak is typically 
larger than the rest of the ߚሖሺߣ, ߠሻ by several orders of magnitude, effects on the forward peak 
translate to large effects on ܨሺߣሻ, which we see to be the case in Fig 14. The PSD’s effects on 
the shape profiles of ܾ௣ሺߣሻ and ܾ௕௣ሺߣሻ are comparatively more limited though. It is also seen 
that the effects of the PSD on these IOPs tend to saturate at γ = 4.5, such that increasing γ 
beyond that point has little further effects on the IOPs. 
 
In the next section, we proceed to examine how the various particle compositions affect the 
depth-dependent ܧௗሺߣሻ and PUR. 
 
4.3  Depth-dependent ࡱࢊሺࣅሻ and PUR for various PSDs 
 
This section presents the main results of the simulated downwelling irradiance ܧௗሺߣሻ and the 
photosynthetically usable radiation PUR, while the following section presents the main 
results of the remote sensing reflectance ܴ௥௦ሺߣሻ. Unless stipulated otherwise, the results 
shown are all from the subgroups “Varied_G”, in which the value of ܩ varies with TSS level. 
This is because our results from subgroup “Const_G” are consistent with results from 




First, results from group “Fixed_B” are presented. The following figures show how ܧௗሺߣሻ as 
a function of various quantities for this group.  
 
 
Fig 17A: ܧௗሺߣሻ  as a function of wavelength, for γ = 3.0, 4.0, and 5.0, across various depths. Several 
observations can be made from this graph. (1) ܧௗሺߣሻ in the near-surface layer is higher than ܧௗሺߣሻ in air, 
especially in the central wavelengths. (2) ܧௗሺߣሻ peaks at 550nm as depth increases, losing the 450nm peak seen 
in ܧௗሺߣሻ in air. (3) there is a visible spread in ܧௗሺߣሻ across γ, though the differences between γ = 4.0 and γ = 
5.0 are very small. See the text for explanations of these observations. Note that ܧௗሺߣሻ at depths beyond 3.2m 





















Ed(λ) as a function of wavelength, at various depths, for moderate TSS (Fixed_B)
γ = 3.0 (0.1m)
γ = 4.0
γ = 5.0
γ = 3.0 (0.8m)
γ = 4.0
γ = 5.0







Fig 17B: ܧௗሺߣሻ as a function of depth, at 550nm, at moderate TSS level, for various γ. As expected from Eqn 
(30), ܧௗሺߣሻ decreases exponentially with depth. This is true for all ܧௗሺߣሻ profiles generated. This figure shows 




Fig 17C: ܧௗሺߣሻ as a function of depth, at 550nm, for low and high TSS levels. As expected, ܧௗሺߣሻ decreases 
much faster when TSS is high (ie, when ܭௗሺߣሻ is high). However, interestingly, close to the water surface, ܧௗሺߣሻ 
is higher for high TSS. This is likely due to the irradiance trapping effect of the water-air interface, as explained 















































Ed(λ) as a function of depth, for low and high TSS (Fixed_B)
γ = 3.0 (low)
γ = 4.0
γ = 5.0






Fig 17D: ܧௗሺߣሻ as a function of γ, at 550nm and moderate TSS, for various depths. This shows that near the 
surface, ܧௗሺߣሻ increases with increasing γ, but as depth starts to increase, ܧௗሺߣሻ decreases with increasing γ.  
 
A few observations can be made from Fig 17A. Firstly, ܧௗሺߣሻ in air is lower than ܧௗሺߣሻ in 
the near-surface layer. This effect increases with TSS, as shown in Fig 17C. This may seem 
counter-intuitive at first, as Fresnel reflection at the air-water interface and attenuation after 
the light enters the water would both reduce the amount of downwelling irradiance. However, 
this amplification of ܧௗሺߣሻ at the near surface layers is likely due to the trapping effect of 
irradiance, whereby the water-air interface repeatedly and partially reflects back the 
upwelling irradiance that has been scattered upward by the water and its constituents. The 
theory for this trapping effect is briefly discussed in the Appendix. The reason this trapping 
effect is strongest in the central region of the visible spectrum will become clear when we 
look at the diffuse attenuation coefficient ܭௗሺߣሻ in the following paragraphs. 
 
Two other points to note from Fig 17A are that ܧௗሺߣሻ peaks at 550nm as depth increases, 
gradually losing the peak at 450nm as seen in ܧௗሺߣሻ in air, and that there is a visible spread 




























attenuation coefficient for downwelling irradiance ܭௗሺߣሻ, which can be related to the IOPs 
[Lee et al, 2005] via 
 
ܭௗሺߣሻ ൌ ܽሺߣሻ ൅ ܾ௕ሺߣሻ		.															ሺ43ሻ 
 
ܭௗሺߣሻ is directly related to ܧௗሺߣሻ via Eqn (30). Therefore, if there is a spread in ܭௗሺߣሻ across 
γ, we would expect the resulting ܧௗሺߣሻ to show a spread across γ as well. Similarly, the peak 
in spectral ܧௗሺߣሻ should correspond to the minimum in ܭௗሺߣሻ. Both these two points are 
observed in the ܭௗሺߣሻ profiles, as shown below in Fig 18 below. 
 
 
Fig 18: ܭௗሺߣሻ across various γ, for moderate TSS. Note that the IOPs of water have been included; this explains 
why ܭௗሺߣ ൌ 750ሻ is so high—absorption of water is much higher at 750nm than at other wavelengths. Note 
also the slight but visible spread in ܭௗሺߣሻ across γ as well as the minimum point at ~550nm.  
 
The spectral shape of ܭௗሺߣሻ as seen in Fig 18 also explains an observation that we have made 
earlier: because of the stronger attenuation in the shorter and longer wavelengths as compared 






















the strong attenuation in the short and long wavelength range, so that ܧௗሺߣሻ  at these 
wavelengths are not amplified to the same extent by the trapping effect.  
 
Figs 17C and 17D attest to what we already expect: ܧௗሺߣሻ attenuates exponentially with 
depth, and that this attenuation increases with γ because of increased ܾ௕ሺߣሻ; attenuation of 
ܧௗሺߣሻ  also increases with TSS, because of increases in both ܽሺߣሻ  and ܾ௕ሺߣሻ  when TSS 
increases. Both of these effects increase the exponent in Eqn (30), which is called the optical 
thickness. 
 
From Fig 17D, we see that γ has some effects on ܧௗሺߣሻ. Theoretically, one expects that as γ 
increases, ܾ௕ሺߣሻ increases, so that ܧௗሺߣሻ decreases due to stronger attenuation. However, the 
0.1m profile shows that near the surface, the increasing γ actually increases ܧௗሺߣሻ. Near the 
surface, the trapping effect might enhance ܧௗሺߣሻ levels with increasing γ as seen in Fig 19, 
which clearly shows that at depth 0.1m in moderate TSS, ܧௗሺߣሻ is higher for higher γ. 
 
Fig 19: ܧௗሺߣሻ at 0.1m for moderate TSS, for various γ. Due to irradiance trapping at the water-air interface, 



















Ed(λ) at 0.1m, for moderate TSS, across various γ (Fixed_B)





The above series of figures have shown that by increasing γ of the PSD, ܾ௕ሺߣሻ  of the 
suspension increases, leading to increase in ܭௗሺߣሻ which results in stronger attenuation of 
ܧௗሺߣሻ. However, at depths close to the water surface, the stronger attenuation is offset by the 
irradiance trapping effect of the water-air interface, so that higher γ actually results in higher 
ܧௗሺߣሻ at these surface waters. The point at which higher γ starts to give rise to lower ܧௗሺߣሻ 
depends on the depth at which irradiance attenuation overtakes irradiance trapping as the 
dominant effect in the water column. A final point to note is that effects of the PSD appears 
to saturate at γ = 4.5, and any increase in γ beyond that point has little effect on ܧௗሺߣሻ 
(although the γ = 4.5 profiles have not been shown in the figures to minimize visual clutter, 
one can infer this from the small differences between the γ = 4.0 and γ = 5.0 profiles). 
 
Next, we look at the results for PUR calculations for group Fixed_B. Fig 20 below shows the 





Fig 20: PUR as a function of depth, for low and high TSS. We find that all PUR exhibit exponential decrease 
with depth, with fits to the exponential expression all displaying ܴଶ > 0.99. As expected, PUR decreases much 
more strongly in water of high TSS. In addition, although PUR is smaller for higher γ, we also expect it to be 























PUR as a function of depth, for low and high TSS (Fixed_B)
γ = 3.0 
γ = 4.0
γ = 5.0







Fig 21: PUR as a function of γ, across various depths, for low (A) and high (B) TSS. The patterns shown here 
are expected, and are very similar to what is shown in Fig 17D. Note that, in water of high TSS, attenuation 
overtakes irradiance trapping as the dominant effect at a shallower depth, as can be seen by the 0.8m profile in 
(B), which shows decreasing PUR with increasing γ.  
 
Results shown in Figs 20 and 21 are expected. After all, ܧௗሺߣሻ and PUR are related [see Eqn 
(37)]. Now that we have the PUR for various γ, we proceed to calculate how they vary with 



















































deviations are based on the composition with the least proportion of small particles. The 
percentage deviation is simply calculated as 
 
%	deviation ൌ ܷܴܲఊୀ௡ െ ܷܴܲఊୀଷ.଴ܷܴܲఊୀଷ.଴ ൈ 100%			,														ሺ44ሻ 
 




Fig 22: % deviations in PUR as a function of depth, for low and high TSS. Except for the near-surface layer, 
deviations are all negative, increase with depth, and TSS. This indicates that PUR at the surface is increased 


















% deviation in PUR as a function of depth, for low and high TSS (Fixed_B)










From the above figure, it is seen that the percentage deviation increases with depth, as well as 
with TSS level. This is to be expected, as increasing either the depth or TSS increases the 
optical thickness and results in stronger attenuation, which amplifies the spread in the ܧௗሺߣሻ 
profiles. Within each TSS level, deviation in PUR increases with increasing γ. To understand 
why is this so, we again remind ourselves that as γ increases, ܾ௕௣ሺߣሻ increases, which raises 
ܭௗሺߣሻ and hence decreases ܧௗሺߣሻ, which finally results in smaller PUR values. Fig 23 below 




Fig 23: percentage deviations in PUR as a function of γ, for all TSS. Note that as TSS increases, the trapping 
effect gives way to attenuation at shallower depths. Also, the effect of γ increases with TSS. For example, 






















































































Fig 23 above summarizes the effects of the PSD on PUR, up to a depth of 3.2m. We see that 
in waters of low TSS, deviations are all limited to less than േ10%, with the shallowest waters 
exhibiting higher PUR due to irradiance trapping. As TSS increases, the depth in which 
irradiance trapping dominates irradiance attenuation gradually becomes shallower, so that 
when TSS becomes moderate, deviations are negative even at 0.8m. The effect of the PSD 
increases with TSS, such that at very high TSS, magnitude of deviations exceed 20% even at 
a shallow depth of 0.8m for all γ, and goes above 50% even at γ = 3.5 at 3.2m. Having said 
that, it is important to remind ourselves that at very high optical thickness, the values of PUR 
approach 0, so that calculating differences between these near-0 values may make little 
physical sense, especially under the influence of instrument noise. This is the reason why 
percentage deviations are calculated to a maximum depth of 3.2m, as PUR starts to reach 
very small values beyond this depth for higher TSS. 
 
Another observation that we can make is that the effects of γ typically saturates at γ = 4.5. 
These results show that the effects of the PSD on PUR can be potentially significant, 
especially at greater depths or TSS as the effects of the PSD are amplified by optical 
thickness. However, any increase in PSD slope (or likewise, the small-particle proportion) 
beyond γ = 4.5 will result in little further changes to PUR. 
 
Next, we look at results from group Fixed_BB, in which ܾ௕௣ሺ550ሻ  is the same across 
different suspensions but PSD different. The purpose of this group, as explained earlier, is to 
demonstrate if the effects of the PSD can be minimized if ܾ௕௣ሺ550ሻ is available, and to what 
extent. The following figures show how ܧௗሺߣሻ  varies across different quantities for this 





Fig 24A: ܧௗሺߣሻ as a function of wavelength, for γ = 3.0, 4.0, and 5.0, across various depths. Compared with the 























Ed(λ) as a function of wavelength, at various depth, for moderate TSS (Fixed_BB)
γ = 3.0 (0.1m)
γ = 4.0
γ = 5.0
γ = 3.0 (0.8m)
γ = 4.0
γ = 5.0






























Fig 24B: ܧௗሺߣሻ  as a function of depth, at 550nm, for various γ. Like the other group, ܧௗሺߣሻ  decreases 
exponentially with depth. ܧௗሺߣሻ for the various γ overlap; this shows that the diffuse attenuation ܭௗሺߣሻ does not 
change with γ. 
 
 
Fig 24C: ܧௗሺߣሻ as a function of depth, at 550nm, for low and high TSS levels. As expected, ܧௗሺߣሻ decreases 
much faster when TSS is high (ie, when ܭௗሺߣሻ is high). Again, we notice the trapping effect at the surface 
layers. As above, there is very little spread across γ. 
 
 
Fig 24D: ܧௗሺߣሻ as a function of γ, at 550nm and moderate TSS, for various depths. This shows that ܧௗሺߣሻ does 





















Ed(λ) as a function of depth, for low and high TSS (Fixed_BB)
γ = 3.0 (low)
γ = 4.0
γ = 5.0





























The main difference between Fig 24 and Fig 17 is the fact that differences between various γ 
have almost disappeared, leaving behind overlapping profiles in ܧௗሺߣሻ. Let us take a look at 
the ܭௗሺߣሻ profiles for the various γ.  
 
 
Fig 25: ܭௗሺߣሻ for various γ, for moderate TSS. Note that the IOPs of water have been included. The spread in 
ܭௗሺߣሻ as seen in group Fixed_B have become so small that the profiles for various γ overlap. Also note that 
ܭௗሺ550ሻ are the same for all γ, as have been fixed. 
 
As expected, ܭௗሺߣሻ is not sensitive to γ in this group. The other observations, that ܧௗሺߣሻ tend 
to peak at 550nm and the irradiance trapping effect that is strongest at central wavelengths, 
all follow the same explanations as previously outlined. From these results, we expect very 
























Fig 26: PUR as a function of depth, for low and high TSS. We find that all PUR exhibit exponential decrease 
with depth, with fits to the exponential expression all displaying ܴଶ > 0.99. PUR decreases much more strongly 





















































Fig 27: PUR as a function of γ, across various depths, for low (A) and high (B) TSS. As we expect from the lack 
of dependence of ܧௗሺߣሻ on γ, the PUR also does not depend on γ.  
 
In Fig 28 below, we present the percentage deviations of PUR for low and high TSS, while 































Fig 28: % deviations in PUR as a function of depth, for low and high TSS. As expected, % deviations are much 
smaller, with most being <േ5%. We note that these profiles are less well-behaved than group Fixed_B, with 
some profiles displaying non-monotonic trends and cutting the horizontal axis at more than one point. This 





















% deviation in PUR as a function of depth, for low and high TSS (Fixed_BB)











Fig 29: percentage deviations in PUR as a function of γ, for all TSS. Though the deviations are all limited to 
<േ2%, we note that these profiles are less well-behaved compared to the previous group. An explanation for 
this observation is attempted in the text. 
 
As seen in Fig 29, the deviations in PUR within the top 3.2m are all less than േ2%, even in 
very high TSS water. However, their profiles are more complicated compared to the previous 
group, as also seen in Fig 28, where some profiles demonstrate non-monotonic trends and 
have more than one cross-over point ie, a depth at which the deviation from γ = 3.0 is 0%. 
This indicates that a less-straightforward mechanism is at play, and is likely due to the 
combined effects of total scattering ܾሺߣሻ, irradiance attenuation and the trapping effect. In 
this group of IOPs, ܾ௕௣ሺ550ሻ is fixed and kept constant. Therefore, total scattering ܾሺߣሻ is 
higher for lower γ, due to the relation ܾ௕௣ሺߣሻ ൌ ܾ௣ሺߣሻܨሺߣሻ, where lower γ has a lower 













































































result in increased extinction of radiation due to a higher probability of scattering and 
absorption, especially when multiple scattering of light is considered, as is the case in 
Hydrolight simulations. Hence, one would expect generally higher extinction for PSDs with 
lower γ in this group. However, higher ܾሺߣሻ can also lead to stronger trapping effect through 
multiple scattering, compensating for the higher extinction. As such, PUR levels may be 
higher or lower for a particular PSD at a particular depth, depending on which process is the 
dominant one. 
 
The above results indicate that the effects of the PSD are strongly minimized when ܾ௕௣ሺߣሻ is 
known at a reference wavelength, namely 550nm. From deviations that exceed 50% in 
magnitude at 3.2m for γ = 5.0 in waters of very high TSS, the knowledge of ܾ௕ሺ550ሻ has 
reduced the deviation for this similar set of conditions down to under 2%. We have also seen 
the dynamics of the 2 related processes of irradiance trapping and irradiance attenuation play 
out in the PUR calculations, whereby in the group where ܾ௕௣ሺ550ሻ is fixed, variations in 
PUR can be unpredictable in near-surface waters, underlying the complexities of these two 
mechanisms which are further complicated by multiple scattering. However, the trapping 
effect will gradually and steadily decrease with increasing optical thickness, while 
attenuation will increase. 
 
In the next section, we analyze the ܴ௥௦ሺߣሻ.  
 
4.4  ࡾ࢙࢘ሺࣅሻ across different PSDs 
 
As was the case with the previous section on ܧௗሺߣሻ and PUR, results from group “Fixed_B” 




Fig 30 below shows the above-surface remote-sensing reflectance ܴ௥௦ሺߣሻ for this group, for 
all TSS levels. 
 
 
Fig 30: ܴ௥௦ሺߣሻ across γ, for all TSS. We note that as TSS increases, the peak in ܴ௥௦ሺߣሻ shifts from 500nm to 
550nm, and ܴ௥௦ሺߣሻ increases. Within each TSS level, ܴ௥௦ሺߣሻ is highest for γ = 3.0. Further, although there is a 
spread across γ, γ = 4.5 and γ = 5.0 become indistinguishable, indicating that PSD changes in this range have 
limited effects on the ܴ௥௦ሺߣሻ.  
 
Fig 30 above shows spectral ܴ௥௦ሺߣሻ across γ, for all TSS levels. To have a clearer picture of 












































































Fig 31: ܴ௥௦ሺߣሻ as a function of γ, at 400nm, 550nm, and 700nm, for low (A) and high (B) TSS. ܴ௥௦ሺ550ሻ shows 
the largest changes over γ, while ܴ௥௦ሺ700ሻ shows the least changes. We also see that ܴ௥௦ሺߣሻ starts to saturate 
at γ = 4.5 at all 3 wavelengths.  
 
From Fig 30, the peak in ܴ௥௦ሺߣሻ is observed to shift from 500nm to 550nm as TSS increases, 
and that the ܴ௥௦ሺߣሻ values increase with increasing TSS. In addition, there is a visible spread 
in the ܴ௥௦ሺߣሻ spectra across the various PSDs, though this again saturates at γ = 4.5, as also 















































Fig 32: ݑሺߣሻ for all TSS levels, corresponding to ܴ௥௦ሺߣሻ in Fig 30. Note the similar shape profiles to ܴ௥௦ሺߣሻ 
above. 
 
An inspection of Fig 32 explains the observations made for the ܴ௥௦ሺߣሻ: the peak in ݑሺߣሻ 
shifts from 500nm to 550nm with increasing TSS; ݑሺߣሻ values increase with increasing TSS; 
and the spread in the ݑሺߣሻ values propagates into the computed values of ܴ௥௦ሺߣሻ as observed 
in Fig 30. Next, we look at the variations in ܴ௥௦ሺߣሻ, which, like variations in the PUR earlier 














u(λ), low TSS (Fixed_B)




















































Fig 33: percentage deviations in ܴ௥௦ሺߣሻ across γ, for all TSS. Deviations at the shorter wavelengths are highest, 
and exceed 50% at 400nm across all TSS. Note the changing spectral profile with increasing TSS.  
 












































































Fig 34: % deviations in ܴ௥௦ሺߣሻ as a function of γ, across all TSS, at 400nm, 550nm and 700nm. In all cases, 
ܴ௥௦ሺߣሻ increases with increasing γ, and starts to flatten out at γ = 4.5. ܴ௥௦ሺ400ሻ shows the largest deviations. 
 
Fig 34 summarizes the effects of the PSD on ܴ௥௦ሺߣሻ, from which some observations can be 
made. We note that deviations in ܴ௥௦ሺߣሻ are highest at 400nm, for all TSS levels. Even in the 
limited range of γ = 3.0 to γ = 3.5, deviation at 400nm exceed 50%. Deviations at the other 
end of the spectrum, 700nm, are smaller, typically in the range 20-40% across all TSS. A 
further interesting point to note is that the effects of the PSD are generally the same for 
moderate, high and very high TSS. This indicates that in waters of moderate to very high 
TSS, the effect of changing from one particle composition to another is the same.  
 
These results demonstrate that the effects of the PSD on the ܴ௥௦ሺߣሻ, like their effects on the 










































































particular at 400nm, where percentage deviations are consistently above 50% for all TSS. 
Although effects on the other wavelengths are less, deviations are still in a few tens of 
percent. The effects of the PSD increases with γ, but, like the case of PUR, saturates at γ = 
4.5, so that any increase in γ has little effect on the ܴ௥௦ሺߣሻ. 
 
Next, we analyze results for group “Fixed_BB”. Fig 35 below shows ܴ௥௦ሺߣሻ for this group, 
across all TSS levels. 
 
 
Fig 35: ܴ௥௦ሺߣሻ across γ, for all TSS. As with the previous case, as TSS increases, the peak in ܴ௥௦ሺߣሻ shifts from 
500nm to 550nm, and ܴ௥௦ሺߣሻ increases. The spread in ܴ௥௦ሺߣሻ is now indiscernible. The next figure confirms 










































































Fig 36: ܴ௥௦ሺߣሻ as a function of γ, at 400nm, 550nm, and 700nm, for low (A) and high (B) TSS. This graph shows 
that ܴ௥௦ሺߣሻ does not depend on γ.  
 
As with the previous group, we seek to understand the observations made in ܴ௥௦ሺߣሻ in Fig 35 













































Fig 37: ݑሺߣሻ for all TSS levels, corresponding to ܴ௥௦ሺߣሻ in Fig 32. These include the IOPs of water. Note the 
similar shape profiles to ܴ௥௦ሺߣሻ above. 
 
















u(λ), low TSS (Fixed_BB)




















































Fig 38: percentage deviations in ܴ௥௦ሺߣሻ across γ, for all TSS. Contrary to the previous group, deviations are 
now highest at the longer wavelengths. These deviations can reach 30% in cleaner waters. As expected, 
deviations are 0% at 550nm, where the backscattering coefficient has been fixed. 
 
As observed in Fig 38, percentage deviations in  ܴ௥௦ሺߣሻ  are now highest at the longer 
wavelengths, which decrease with increasing TSS. The next figure summarizes the 


















































































Fig 39: % deviations in ܴ௥௦ሺߣሻ as a function of γ, across all TSS, at 400nm, 550nm and 700nm. As expect, 
ܴ௥௦ሺߣሻ at 550nm is the same throughout all γ. Deviations are highest at 700nm, and decrease with increasing 
TSS. However, deviations at 400nm are consistent through the TSS. 
 
From Fig 39, it is observed that percentage deviations in ܴ௥௦ሺߣሻ are highest at 700nm, and 
decrease with increasing TSS. However, in Fig 35, we see that ܴ௥௦ሺߣሻ at 700nm and 750nm 
for the low TSS case are close to 0, such that calculating their percentage differences may not 
be meaningful, as previously pointed out. We also note that deviations 400nm are consistent 
throughout the TSS range, falling in between 2-5%.  
 
These results indicate that the effect of the PSD on ܴ௥௦ሺߣሻ can be strongly minimized if 












































































at 400nm and >40% at 700nm for moderate TSS. Now, with knowledge of ܾ௕ሺ550ሻ, the 














































CHAPTER 5: SUMMARY AND CONCLUSION 
 
This work has been motivated by the need to understand how various particle compositions 
affect ܧௗሺߣሻ in the water column, thereby influencing aquatic photosynthesis, as well as how 
it affects ܴ௥௦ሺߣሻ, a quantity that is important in a broad range of oceanographic studies. 
Although the TSS, which measures the mass concentration of a water system, has frequently 
been used to relate to the light fields generated by a suspension of particles in water, 
suspensions with the same TSS value may have different PSDs due to the different particle 
compositions in the suspensions. Since the PSD is fundamentally related to the IOPs of the 
suspension, in particular the fractions of light scattered in the forward and backward 
directions which affect the ܧௗሺߣሻ and ܴ௥௦ሺߣሻ respectively, this means that suspensions with 
the same TSS may show different ܧௗሺߣሻ and ܴ௥௦ሺߣሻ values. Therefore, using the TSS to 
characterize these light fields without knowledge of the PSD is equivalent to overlooking the 
effects of the particle composition, especially since the PSD influences the scattering phase 
function substantially. 
 
Therefore, in order to understand how the PSD affects the light fields, we have generated 5 
different PSDs, which follow the Junge-type power law. Each PSD is the sum of 3 
component PSDs due to 3 different particle types which are ubiquitous to natural water 
systems (clay, silt and sand). The PSD of each particle type is described by a log-normal 
distribution. The parameters of the component PSDs are obtained via an optimization 
procedure such that the sum of the component PSDs resembles a Jung-type power law PSD 
with a specified exponent value. The IOPs of these PSDs are computed by a Mie scattering 
routine, using wavelength-dependent refractive indices, while absorption is generated from a 
semi-empirical spectral model of gelbstoff absorption. A range of these IOP values are then 
89 
 
generated to correspond to suspensions of various TSS, from low to very high values and 
then divided into groups, depending on whether b(550) (a proxy for TSS) or ܾ௕௣ሺ550ሻ is 
constant or variable and then used to evaluate (numerically) the effects of different PSDs on 
PUR and ܴ௥௦ሺߣሻ. These groups of IOPs are finally used to simulate the light fields using the 
radiative transfer software package Hydrolight. The quantities simulated, ܧௗሺߣሻ and ܴ௥௦ሺߣሻ, 
are then studied for their variations across different PSDs of increasing γ, by calculating 
percentage deviations from the γ = 3.0 profiles. ܧௗሺߣሻ has been quantified in terms of the 
PUR to study the PSD’s effects on photosynthesis. 
 
Our results show that PUR decreases exponentially with depth in all cases. In suspensions 
with the same TSS and different PSD, the rate of decrease is higher for PSDs with higher γ. 
For instance, in waters of low TSS, PUR drops from 168 W m-2 at 0.1m depth to 54 W m-2 at 
6.4m for γ = 3.0, but in the same depth interval, PUR drops from 175 W m-2  to 42 W m-2 for 
γ = 5.0. The effects of the PSD on the PUR, however, seems to saturate at γ = 4.5, with the γ 
= 4.5 and γ = 5.0 profiles showing almost indiscernible differences for all TSS values. The 
rate of decrease in PUR also increases with TSS, as expected, such that at high TSS (ܾሺ550ሻ 
= 25 m-1), PUR drops to <5 W m-2 even at a depth of 3.2m. For the ܴ௥௦ሺߣሻ, we see that their 
spectral shapes are very well-described by the Gordon parameter ݑሺߣሻ, and that they always 
peak at 500-550nm. As γ increases, ܴ௥௦ሺߣሻ increases, owing to the increase in ܾ௕ሺߣሻ. As is 
the case for PUR, the effects of γ appears to saturate at γ = 4.5.  
 
In terms of the percentage deviations, the variations in PUR with changing PSD can be large. 
As the exponent γ of the Junge-type PSD increases from 3.0 to 5.0, the percentage deviation 
generally increases and typically exceeds 50% in magnitude at greater depths or higher TSS, 
though these deviations tend to saturate at γ = 4.5 as noted above. Even in the limited range 
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of γ = 3.0 to γ = 3.5, deviations can be as large as 20% even near the surface in waters of high 
TSS. Variations in ܴ௥௦ሺߣሻ are also high, with percentage deviations generally above 30% in 
magnitude in the central wavelengths and above 80% in the shorter wavelengths for cleaner 
waters. Percentage deviations in ܴ௥௦ሺߣሻ, like those in PUR, increase with γ and saturate at γ = 
4.5, but unlike PUR, variations in ܴ௥௦ሺߣሻ generally decrease with increasing TSS. These 
results indicate that the effects of the particle composition on PUR and ܴ௥௦ሺߣሻ  can be 
potentially significant. Suspensions with different particle compositions may have 
significantly different PUR and ܴ௥௦ሺߣሻ even if they have the same TSS. However, these 
results show that the effects of PSD saturate at γ = 4.5, such that any increase in the 
proportion of small particles beyond that point will result in minimal changes in the light 
fields. 
 
These variations, however, are strongly minimized if the suspensions have the same 
backscattering coefficient ܾ௕ሺ550ሻ, with percentage deviations in PUR dropping to only a 
few percent even in waters of high TSS. Our results also show that PSDs that fall in the range 
γ = 3.0 to γ = 3.5 produce approximately similar PUR, displaying deviations less than േ2% 
for the entire TSS range. Variations in ܴ௥௦ሺߣሻ  are also greatly reduced, with deviations 
normally on the order of a few percent throughout the TSS range, except in the longer 
wavelengths where deviations can reach 30% in cleaner waters. Again, the effects of the PSD 
slope saturates at γ = 4.5. These results suggest that the effects of the PSD on the light fields 
are effectively reduced to small deviations if the suspensions of different PSDs have the same  
ܾ௕ሺ550ሻ value. 
 
We have also seen from our simulations that the effects of the particle composition on surface 
waters are less straightforward, due to the related yet countering mechanisms of irradiance 
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trapping and irradiance attenuation. Irradiance trapping increases ܧௗሺߣሻ in the surface waters, 
and generally increases with increasing backscattering, while irradiance attenuation decreases 
ܧௗሺߣሻ though it too increases with backscattering. Therefore, although increasing the small-
particle proportion (ie increasing γ) in the suspension generally increases backscattering, how 
this will affect the ܧௗሺߣሻ at the surface will depend on which of these two mechanisms is 
more dominant. Fortunately, the effect of irradiance trapping diminishes with depth, so that 
attenuation becomes the dominant mechanism at greater depths. 
 
Taken together, our results demonstrate that the effects of the particle composition on the 
underwater and above-surface light fields are important, and can lead to potentially 
significant miscalculations in ܧௗሺߣሻ and ܴ௥௦ሺߣሻ if its effects are overlooked. This will in turn 
affect calculations of underwater photosynthesis and related aquatic biological processes. 
However, the effects of particle size composition seem to manifest in the value of the 
backscattering coefficient.  If suspensions of different particle size compositions have the 
same ܾ௕ሺ550ሻ value, the effects of the particle composition can be effectively reduced. 
 
In conclusion, some recommendations are suggested on how further work can be done to 
improve upon the current findings. Firstly, more particle types can be considered, by 
breaking the 3 types of particles (clay, silt and sand) further down into finer particle types. 
This is particularly useful for clay and silt, which are known to be made up of a variety of 
different constituents. One major group of particles left out in this work is phytoplankton, 
which is also a ubiquitous component of natural waters. Introducing more particle types will 
account for a bigger range of refractive indices, which are known to exist in natural waters. 
Secondly, PSD types other than the Junge-type can be investigated. For instance, for waters 
dominated by one type of particle, one may wish to model it as a standalone log-normal 
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distribution. Thirdly, the size range simulated can be extended from the current 0.2-500μm, 
to include the effects of even larger particles which may exist in the natural setting. All of 
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A copy of the Fortran subroutine used to generate the phase function with Hydrolight special 


























































































































































Trapping effect of downwelling irradiance 
 
This section provides a brief discussion of the irradiance trapping effect that occurs 
subsurface, near the water-air interface. The simple illustration below helps to visualize how 





First, ܧௗ in air [ܧௗሺܽ݅ݎሻ] enters the water and gets transmitted through the air-water interface 
with a factor of ܶ↓. It then gets partially reflected upward by the water below, by a factor ܴ, 
where  
 
ܴ ൌ ܧ௨ܧௗ 
 
is called the irradiance reflectance and is the ratio of the upwelling irradiance ܧ௨  to the 
downwelling irradiance ܧௗ  in the water column. This upwelling irradiance again gets 

















reflection coefficient. This series of upward reflection by the bulk of the water and downward 
reflection by the air-water interface constitutes the “trapping” mechanism that often enhances 
the ܧௗ at the near-surface layer. Mathematically, ܧௗ in the water can be expressed as 
 
ܧௗ ൌ ܶ↓ܧௗሺܽ݅ݎሻሾ1 ൅ ߚܴ ൅ ሺߚܴሻଶ ൅ ሺߚܴሻଷ ൅ ⋯ ሿ		, 
 




1 െ ߚܴ			. 
 
It can be seen that the trapping effect is dependent on the irradiance reflectance of the water 
column ܴ . This quantity is in turn influenced by the IOPs of the water, and is further 















Calculating ࡿ૚ and ࡿ૛ from the size parameter x 
 
ଵܵሺߠሻ and ܵଶሺߠሻ are calculated from the following equations. Note that ߠ is the scattering 
angle. 
 










where the functions ߨ௡ሺܿ݋ݏߠሻ and ߬௡ሺܿ݋ݏߠሻ are calculated from the Legendre polynomials 
௡ܲ as follows: 
 
ߨ௡ሺܿ݋ݏߠሻ ൌ ݀ ௡ܲሺܿ݋ݏߠሻ݀ܿ݋ݏߠ  
 
߬௡ሺܿ݋ݏߠሻ ൌ ܿ݋ݏߠߨ௡ሺܿ݋ݏߠሻ െ ሺ1 െ cosଶ ߠሻ ݀ߨ௡ሺܿ݋ݏߠሻ݀ܿ݋ݏߠ  
 
The other set of coefficients, ܽ௡ and ܾ௡, are referred to as Lorenz-Mie coefficients (or 
sometimes simply as scattering coefficients) and are made up of spherical Bessel functions 
݆௡ሺݖሻ and ݕ௡ሺݖሻ as follows: 
 




ߦ௡ሺݖሻ ൌ ݖሾ݆௡ሺݖሻ െ ݅ݕ௡ሺݖሻሿ 
 
ܽ௡ ൌ ܰ௠߰௡
ᇱ ሺݕሻ߰௡ሺݔሻ െ ௦ܰ߰௡ሺݕሻ߰௡ᇱ ሺݔሻ
݊௠߰௡ᇱ ሺݕሻߦ௡ሺݔሻ െ ݊௦߰௡ሺݕሻߦ௡ᇱ ሺݔሻ  
ܾ௡ ൌ ௦ܰ߰௡
ᇱ ሺݕሻ߰௡ሺݔሻ െ ܰ௠߰௡ሺݕሻ߰௡ᇱ ሺݔሻ
௦ܰ߰௡ᇱ ሺݕሻߦ௡ሺݔሻ െ ܰ௠߰௡ሺݕሻߦ௡ᇱ ሺݔሻ  
 
where ௦ܰ is the refractive index of the scattering sphere and ܰ௠ is that of the surrounding 
medium. Prime ሺ	′	ሻ denotes derivative;  ݔ and ݕ are size parameters with respect to the 
medium and sphere respectively 
 




where ݎ is the particle’s radius and ߣ is the wavelength of light in vacuum. 
 
The functions ߰௡ሺݖሻ and ߦ௡ሺݖሻ above, expressed in terms of the spherical Bessel functions, 











Full results of PUR and ࡾ࢙࢘ሺࣅሻ, and their percentage deviations 
 
This section compiles the full results of the computed PUR and ܴ௥௦ሺߣሻ and their percentage 
deviations, for all subgroups. Results for PUR are presented first, followed by results for 
ܴ௥௦ሺߣሻ. The reader is referred to the main text for relevant discussions. 
 
 















PUR, low TSS (Fixed B, Varied G)










































































% deviation in PUR as a function of depth, for all TSS (Fixed_B, Varied_G)






































% deviation in PUR as a function of depth, for all turbidities (Fixed_B, Const_G)

























































































































































































% deviation in PUR as a function of depth, for all turbidities (Fixed_BB, Varied_G)
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